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Nitrogen Metabolism in Plants 
 
Nitrate uptake and assimilation  
 
Besides ammonium, plants are able to use nitrate taken up by the root as nitrogen source 
for growth (Crawford and Glass, 1998; Peuke et al., 1998a,b; Britto et al., 2001; Glass et 
al., 2002). However, nitrate needs to be reduced to ammonia, prior to its assimilation into 
essential organic nitrogen compounds viz. amino acids, proteins. The uptake of nitrate is 
an active process mediated by transporter proteins. Thermodynamic and physiological 
studies have shown that its influx into the root cell is proton coupled, hence the energy for 
the transport of nitrate is dependent on the H+ pumping activity of the plasma membrane 
H+-ATPase (Crawford and Glass, 1998; Forde, 2000, 2002). However, there is also an 
efflux of nitrate from the root and the net uptake of nitrate uptake by the root is the 
resultant of its influx over the root plasma membrane and its efflux in the reverse 
orientation (Crawford and Glass, 1998; Touraine et al., 2001; Touraine, 2004). The 
nitrate taken up may be reduced in the root cells and/or loaded into the xylem and 
transferred to the shoot, reduced and assimilated (Touraine et al., 2001; Glass et al., 2002; 
Touraine, 2004). Excessive nitrate taken up may be temporarily stored in the vacuole. 
The uptake, transport and assimilation of nitrate are summarized in Fig. 1 and proceed as 
follows: i) The uptake and transport of nitrate across the membrane is mediated by 
different nitrate transporters. The transfer of nitrate across the membrane is driven by a 
proton gradient maintained by proton ATPase. Roots have, at least, three distinct groups 
of nitrate transporters, two of them have a high affinity for nitrate, the inducible (iHATS) 
and constitutive (cHATS); and one is a constitutive low affinity transporter (LATS) 
(Kronzucker et al., 1995; Crawford and Glass, 1998, Forde, 2000; Touraine et al., 2001; 
Thornton, 2004; Touraine, 2004). ii) Nitrate is reduced to nitrite in the cytoplasm by 
nitrate reductase (NR) and nitrite to ammonium by nitrite reductase (NiR) in the 
chloroplasts/plastids. iii) Ammonium is assimilated into amino acids, via GS-GOGAT 
cycle, resulting in glutamine and glutamate as primary N organic compounds. Glutamine 
synthetase (GS) and glutamate synthase (GOGAT) are the enzymes involved in primary 
ammonium assimilation, either derived from nitrate reduction, photorespiration and/or 
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exteriorly supplied as NH3 and or NH4+. There are different isoforms of these enzymes in 
the cytosol and chloroplast/plastids (Lea and Forde, 1994; Weber and Flügge, 2002; Lea 



















Fig. 1. Schematic representation of the 
uptake, transport and metabolism of nitrate 
and NH3 in plants (adapted from Crawford 




Regulation of nitrate uptake 
 
The net nitrate uptake rate is generally well adjusted to the N requirement for growth of 
the plant. N requirement for growth can be defined as the product between plant’s N 
content and relative growth rate (RGR) (Imsande and Touraine, 1994; Ter Steege et al., 
1998; Touraine et al., 2001; Touraine, 2004). Proposed regulatory mechanisms of nitrate 
uptake included negative feedback by nitrate itself, or by products of nitrate assimilation 
(NH4+, amino acids, amides) and may occur at transcriptional and post-transcriptional 
levels (Imsande and Touraine, 1994; Crawford and Glass, 1998; Coruzzi and Zhou, 
2001; Touraine et al., 2001; Touraine, 2004).  
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NH3 pollution, uptake and assimilation 
 
Atmospheric ammonia (NH3) is a major air pollutant in central Europe where it accounts 
for up to 80 % of the total atmospheric N deposition (Fangmeier et al. 1994; Gessler and 
Rennenberg, 1998; Krupa, 2003). The main emission sources of NH3 are due to intensive 
farming activities like animal manure and fertilizers use, and to a lesser extent 
anthropogenic sources (Rennenberg and Gessler, 1999; Leith et al., 2002; Krupa, 2003; 
Pitcairn et al., 2003). NH3 and derived NH4+ can be removed from the atmosphere by 
both wet and dry deposition (Fangmeier et al., 1994; Krupa, 2003). 
 In addition to nitrate taken up by the root plants are able to utilize atmospheric NH3 
taken up by the foliage as nitrogen source for growth (Fig. 1, 2). The uptake of NH3 by 
the foliage shows a diurnal variation and is dependent on the water status of the plant, 
temperature, light intensity, internal CO2 level and nutrient availability (Hutchinson et 
al., 1972; Rogers and Aneja, 1980; Van Hove et al., 1987; Husted and Schjoerring, 
1996; Schjoerring et al., 1998). The foliar uptake of NH3 is predominantly determined by 
the stomatal conductance (Krupa, 2003), since the internal resistance (the mesophyll 
resistance) to NH3 is low (Hutchinson et al., 1972; Fangmeier et al., 1994). NH3 is 
highly water-soluble and, in addition, it is rapidly converted into NH4+ in the aqueous 
phase of the mesophyll cells. The uptake of NH3 occurs as long as the atmospheric level 
exceeds the internal NH4+ level (Husted and Schjoerring, 1996). The NH4+ formed in the 
mesophyll cells is assimilated by the glutamine synthetase/glutamate synthase cycle (Lea 
and Miflin, 1974; Pérez-Soba et al., 1994; Pearson and Soares, 1998).  
 The foliar uptake of NH3 may affect plant metabolism (primary effects) and lead to an 
increase in N-containing metabolite pool (Zedler et al., 1986; Van Dijk and Roelofs, 
1988; Pérez-Soba et al., 1994; Clement et al., 1997; Gessler et al., 1998; Fig. 2), to 
nutrient imbalances (Wollenweber and Raven, 1993; Pérez-Soba et al., 1994; Fig. 2) and 
to effects on pH balance (Yin and Raven, 1997). In addition, it may result in up-
regulation of glutamine synthetase (GS) and down-regulation of nitrate reductase (NR) 
(Pérez-Soba et al., 1994; Pearson and Soares, 1998; Fig. 2). Upon prolonged exposure, 
NH3 may affect plant growth, shoot to root ratio (Van der Eerden and Pérez-Soba, 1992; 
Pérez-Soba et al., 1994; Leith et al., 2002) and resistance of plants to stress (Clement et 
al., 1997), which can be considered as secondary effects (Fig. 2). It is assumed that NH3 
toxicity occurs when NH3 uptake by the shoot exceeds the assimilation capacity of the 





Fig. 2. Pathways and effects of NH3 in higher plants (after Fangmeier et al., 1994 and adapted 
from Krupa, 2003).  
 
 
Sulfur Metabolism in Plants 
 
Sulfate uptake and assimilation 
 
Sulfate taken up by the root is generally the primary sulfur source for plant growth. 
Similar to nitrate it needs to be reduced prior to its assimilation into organic sulfur 
compounds, viz. cysteine, methionine, proteins, glutathione, sulfolipids and secondary 
sulfur compounds. The uptake, transport and assimilation of sulfate are summarized in 
Fig. 3. and proceed as follows: i) The uptake and transport is an active process mediated 
by sulfate transporter proteins and its transfer across the membrane occurs via 
proton/sulfate co-transporters, driven by a proton gradient maintained by proton ATPase. 
According to their possible function and distribution the sulfate transporters have been 
classified in up to 5 different groups (Hawkesford, 2003; Hawkesford and De Kok, 
2006). Briefly, the Group 1 represents the high affinity transporters, mainly expressed in 
the roots, but localization in other cellular compartments should not be excluded. Group 
2 transporters are likely involved in the vascular transport localization, whereas the 
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function of Group 3 remains unclear. Sulfate transporters of Groups 1, 2 and 3 are 
localized in the plasma membrane, whereas Group 4 and 5 transporters are localized in 
the tonoplast membrane. Group 4 might be involved in efflux of sulfate from the 
vacuole, however, the function of Group 5 remains yet to be established (Davidian et al., 
2000; Hawkesford, 2000, 2003; Hawkesford and Wray, 2000; Droux, 2004; Hawkesford 
and De Kok, 2006). ii) Sulfate is reduced in the chloroplast/plastid and in contrast to 
nitrate it has to be activated before it can be reduced. ATP sulfurylase (ATPS) activates 
sulfate by converting it into adenosine 5’-phophosulfate (APS). The reduction of the 
activated sulfate proceeds with a 2-step reaction: APS is reduced to sulfite by APS 
reductase (APR), and sulfite is converted into sulfide by sulfite reductase (SiR). iii) 
Sulfide is assimilated into cysteine, which synthesis is one of the primary coupling 
reactions between nitrogen and sulfur metabolism in plants (Fig. 4). The synthesis of 
cysteine involves 2 enzymes: serine acetyl transferase (SAT), which catalyzes the 
synthesis of O-acetyl-L-serine (OAS) from serine and coenzyme A and O-acetylserine 
(thiol)lyase (OAS-TL) that catalyzes the synthesis of cysteine, from OAS and sulfide. 
Cysteine is the sulfur donor for the synthesis of methionine and the precursor of several 
other organic sulfur compounds (Leustek and Saito, 1999; Saito, 2000, 2004; Droux, 

















Fig. 3. Schematic representation of the 
uptake and metabolism of sulfate and H2S in 
plants. (adapted from Crawford et al., 




 Sulfate uptake may be subjected to a combined regulatory mechanism: a negative 
feedback by sulfate itself, or products of (or involved in) sulfate assimilation, like 
cysteine or glutathione and a positive feedback by OAS (Davidian et al., 2000; 
Hawkesford and Wray, 2000, Hawkesford et al., 2003; Fig. 3, 4). 
 
H2S pollution, uptake and assimilation 
 
Hydrogen sulfide (H2S) is present in the atmosphere at trace concentrations, but high 
levels (>0.1 µl l-1) may occur in the vicinity of natural emitting sources like volcanoes, 
fumaroles, sulfur springs and geothermal wells (Ernst, 1997; Schulte et al., 1997; De 
Kok et al., 2002a,b). Other natural emitting sources are the biological decay of organic 
sulfur and the activity of sulfate reducing bacteria (for detailed review see Kertesz, 1999; 
De Kok et al., 2002b). Plants also may emit H2S, contributing to the biogenic emission 
(Schröder, 1993). High H2S levels may also occur in industrialized areas as intensive 
bioindustry and oil refineries for instance (De Kok et al., 2002a,b).  
 In addition to sulfate taken up by the root, plants are able to utilize H2S taken up by 
the foliage as sulfur source for growth. The foliar uptake of the H2S, which occurs via de 
stomata, is largely determined by the internal resistance (the mesophyll resistance) to 
H2S, which appears to be directly dependent on the rate of H2S metabolism into cysteine 
and subsequently into other sulfur compounds. The uptake follows saturation kinetics 
with respect to the atmospheric H2S level (De Kok et al., 1989, 1998, 2002a,b). The 
uptake kinetics is a reflection of the activity of O-acetylserine (thiol)lyase, the 
availability of O-acetylserine and the affinity of the enzyme to H2S (De Kok et al., 1998, 
2000, 2002a,b).  
 
 
Interactions between N and S at a whole plant level 
 
The major proportion of reduced nitrogen and sulfur in plants is present in the protein 
fraction (De Kok et al., 2000). Since the plants maintain their N/S ratio within a certain 
range, it is presumed that plants synchronize the uptake and assimilation of sulfate and 
nitrate (see Touraine et al., 2003). Different lines of evidence have been brought 
forward, for instance (for a detailed review see Brunold et al., 2003): i) In cultured 
tobacco cells, the sulfur availability seemed to affect the activity of nitrate reductase, 
while nitrogen availability affected the activity of ATPS (Reuveny et al., 1980). ii) 
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Sulfate deprivation in tobacco leaves resulted in a decrease in NR activity and mRNA 
levels together with an accumulation of aspartic acid, arginine and glutamine (Migge et 
al., 2000). iii) In green algae Dunaliella salina, deprived from sulfate, an increase in 
ATPS activity together with decrease in NR activity was found (Giordano et al., 2000). 
However, it remains to be assessed to what extent the above-described regulation occurs 
at a whole plant level. For instance when B. oleracea was exposed to H2S and the sulfate 
supply to the root was varied there were no direct linkages between the uptake of nitrate 
and sulfate (Stuiver and De Kok, 1997; De Kok et al., 2000, 2002a; Westerman et al., 




Fig. 4. Presumed interactions between nitrogen and sulfur metabolism in plants. NR, nitrate 
reductase; NiR, nitrite reductase; GS-GOGAT cycle, glutamine synthetase-glutamate synthase 
cycle; APS, adenosine 5´-phophosulfate; ATPS, ATP sulfurylase; APR, APS reductase; OAS-
TL, O-acetylserine (thiol)lyase; SAT, serine acetyltransferase.* represent the proposed sites of 
regulation; full arrows represent the main steps of nitrate and sulfate assimilatory pathways; 
dashed lines represent the rate limiting steps for N and S assimilatory pathways. 
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Aim and outline of the thesis 
 
Brassica oleracea is a fast growing species with a preference for nitrate as nitrogen 
source (Pearson and Stewart, 1993) and has a tendency toward sensitivity to ammonium, 
as member of the Brassicaceae (Britto and Kronzucker, 2002). It has a high sulfur 
requirement for growth and it may contain high levels of sulfate (De Kok et al., 2000; 
Westerman et al., 2000) and glucosinolates, secondary sulfur-containing compounds, 
which are characteristic of Brassicaceae species (Schnug, 1990, 1993; Blake-Kalf et al., 
1998; Van der Kooij et al., 1997; Rosa, 1999; Graser et al., 2001; De Kok et al., 2005). 
The general aim of the present study was to get more insight into the possible interaction 
between atmospheric NH3 and pedospheric nitrate nutrition in plant growth and 
functioning and the interaction between nitrogen and sulfur assimilation on a whole plant 
basis. 
 In Chapter 2, the material and methods used in this study are described. In Chapter 3, 
a comparative study with five cultivars of Brassica oleracea is presented. Growth, 
nitrogen and sulfur compounds were measured in order to establish which cultivar is the 
most extreme cultivar with respect to nitrogen and sulfur requirement for growth. In 
Chapter 4, the glucosinolates and the amino acids composition were characterized. The 
impact of NH3 on plant growth and functioning of B. oleracea cv. Arsis was assessed in 
Chapter 5. Various NH3 concentrations were used in order to set the limits between toxic 
and non-toxic NH3 concentrations and the possible contribution of NH3 as sole N source 
was evaluated. In Chapter 6, the impact of NH3 on nitrate and sulfate uptake by B. 
oleracea and the possible physiological basis of NH3 toxicity were discussed. In Chapter 
7, the combined effects of NH3, nitrate and sulfate deprivation on root growth and 
morphology as well as nutrient uptake were assessed. In Chapter 8, B. oleracea was 
exposed to H2S and NH3 and the nitrate and sulfate supply to the root was varied in order 
to get more insight into the interaction between nitrate and sulfate metabolism. In 
Chapter 9, the sulfur requirement of B. oleracea and the effects of sulfate deprivation 





Material and methods 
 
 
Plant material and growth conditions 
Different cultivars of Brassica oleracea L. (curly kale, cv. Arsis, Royal Sluis, The 
Netherlands, pointed cabbage cv Duchy F1, Nickerson-Zwaan, The Netherlands, red 
cabbage, cv Rodon F1, Nickerson-Zwaan, The Netherlands, savoy cabbage, cv Tarvoy 
F1, Nickerson-Zwaan, The Netherlands and white cabbage, cv Castello F1, Nickerson-
Zwaan, The Netherlands) were used in Chapters 3 and 4, in order to establish the most 
extreme in terms of nitrogen and sulfur requirement for growth. Further research 
(Chapters 5 to 8) was carried out with curly kale, cv. Arsis, Royal Sluis, The 
Netherlands, due to its higher relative growth rate, higher sulfur content and lower 
nitrogen content. 
 The seedlings were germinated in vermiculite in a climate-controlled room. Day and 
night temperatures were 20 and 16 °C, respectively, with a relative humidity of 60-70 %. 
The photoperiod was 14 h, at a photon fluence rate of 250-300 µmol m-2 s-1 (within the 
400-700 nm range), supplied by Philips HPI-T (400 W). After germination, twelve-day-
old seedlings were transferred to 30-l containers (3 plants per holder, 20 holders per 
container, (Chapters 3 to 5 and 8); 1 plant per holder, 20 holders per container, Chapter 
7) with 25 % Hoagland nutrient solution (1.25 mM Ca(NO3)2.4H2O, 1.25 mM KNO3, 
0.23 mM KH2PO4, 0.5 mM MgSO4.7H2O, 11.6 µM H3BO3, 2.3 µM MnCl2.4H2O, 0.24 
µM ZnSO4.7H2O, 0.08 µM CuSO4.5H2O, 0.13 µM Na2MoO4.2H2O, 22.5 µM 
Fe3+EDTA, pH 6.0) for a week period. 
 
Ammonia exposure 
Nineteen-day-old seedlings (3 plants per pot, 5 pots per treatment, 10 pots per cabinet for 
Chapters 5, 6 and 8; 1 plant per pot, 5 pots per treatment, 10 pots per cabinet, Chapter 7) 
were transferred to stainless steel fumigation cabinets with a polycarbonate top 
(Durenkamp and De Kok, 2002) and exposed to 0, 2, 4, 6 and 8 µl l-1 NH3 for one week. 
Day and night temperatures were 20 and 16 °C (± 1 °C), respectively, relative humidity 
was 40-50 % and the photoperiod was 14 h at a photon fluence rate of 300-350 µmol m-2 
s-1. Pressurized NH3 diluted with N2 (1 ml l-1) was injected into the incoming air stream 
and adjusted to the desired concentrations by AMS electronic mass flow controllers 
(Bilthoven, The Netherlands). The air exchange rate was 40 l min-1 and a ventilator 
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continuously mixed the air inside the cabinets. NH3 concentrations were verified during 
the experimental period by leading the air stream at a known flow rate into a 1 mM 
EDTA solution for 2 h. Aliquots were taken from the initial volume and NH4+ was 
measured colorimetrically at 410 nm (Starrcol SC-60-S, R&R Mechatronics, Hoorn, The 
Netherlands) with Nessler’s reagent (Nessler’s reagent A/9 N NaOH, 1/1, v/v). The PVC 
pots were filled to 1.1 l with 25 % Hoagland nutrient solution. For the nitrate-deprived 
treatment (Chapters 6, 7 and 8), the NO3- salts were replaced by their respective Cl- salts. 
In order to prevent formation of NH4+, by dissolution of atmospheric NH3 into the 
nutrient solution, the PVC pots were sealed with Terostat (Henkel Teroson GmbH, 
Heidelberg, Germany). For the sulfate-deprived treatment (Chapters 7 and 8), all SO42- 
salts were replaced by their respective Cl- salts. 
 
Hydrogen sulfide exposure 
Nineteen-day-old seedlings (3 plants per pot, 5 pots per treatment, 10 pots per cabinet, 
Chapter 8; 1 plant per pot, 5 pots per treatment, 10 pots per cabinet, Chapter 7) were 
transferred to stainless steel fumigation cabinets with a polycarbonate top (Durenkamp 
and De Kok, 2002) and exposed to 0 and 0.15 µl l-1 H2S for one week. Day and night 
temperatures, relative humidity and photoperiod were as described for NH3 exposure. 
Pressurized H2S diluted with N2 (1 ml l-1) was injected into the incoming air stream and 
adjusted to the desired concentrations by AMS electronic mass flow controllers 
(Bilthoven, The Netherlands). The air exchange rate was 40 l min-1 and a ventilator 
continuously mixed the air inside the cabinets. H2S concentrations were verified with a 
SO2 analyser (model 9850) equipped with a H2S converter (model 8770, Monitor Labs, 
Measurements Controls Corporation, Englewood, CO, USA). The PVC pots were filled 
to 1.1 l with 25 % Hoagland nutrient solution.  
 
Plant harvest and growth analysis 
Plants were harvested 4 h after start of the light period; the roots were rinsed in ice-cold 
demineralized water and separated from the shoot. At this point, shoot and root fresh 
weights were taken and used for calculation of biomass production and shoot to root 
ratio (S/R). Relative growth rate (RGR) of the total plant was calculated from the ln-
transformed fresh weight data between days 19 and 26 (Hunt, 1982). Part of the plant 
material was stored at -80 ºC, before it was freeze-dried in a Heto LyoLab 3000 Freeze 
Dryer (Heto-Holten A/S, Allerød, Denmark) (Chapters 4, 6 to 8) and in Chapter 3 plant 
material was dried over night at 120 ºC. Thereafter weights were used for dry matter 
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content analysis (DMC), and shoot and root material was pulverized by a Retsch Mixer-
Mill (type MM2, Haan, Germany) for further analyses.  
 
Total nitrogen, soluble and insoluble reduced N content 
Total N in the shoot and in the root was extracted and measured using a modification of 
the Kjeldahl method according to Barneix et al. (1988) (Chapters 3, 4, 6 and  8). 50 mg 
DW was placed on an ash free filter to which 0.33 g Na2S2O3.5H2O and catalyst 
(K2SO4/CuSO4/Na2SeO3, 15/5/0.085, w/w/w) was added. To the filter 4 ml of 
destruction mix (33.3 g sodium salicycate in 1 l 96 % H2SO4) were added and samples 
incubated overnight. The tubes were placed in a Kjeldahl temperature-time programmer 
(Gerhardt, Bon, Germany) and the temperature was increased to 360 °C. Samples were 
transferred to measuring flasks and made up to 50 ml with demineralised water. NH4+ 
was measured colorimetrically at 410 nm (Starrcol SC-60-S, R&R Mechatronics, Hoorn, 
The Netherlands). 
 Soluble reduced nitrogen and insoluble reduced nitrogen fractions of both fresh shoot 
and root material were measured using micro-Kjeldahl according to Stulen et al. (1981a). 
Reduced nitrogen was extracted in 3 % HCl (v/v). The soluble and insoluble fractions 
were separated by filtration and digested at 360 °C in 96 % H2SO4 with CuSO4 and 
K2SO4 (1/3, w/w) as catalyst. NH4+ was measured colorimetrically at 410 nm as 
described above (Chapter 6). 
 
Total sulfur content 
Freeze-dried samples of both shoot and roots (Chapters 5 to 8) and oven-dried material 
(Chapters 3 and 4) were used to determine the total sulfur content by using a 
modification of the method described by Jones (1995). Total sulfur content was 
expressed on a fresh weight basis (Chapters 3, 5, 6 and 8) and on a dry weight basis 
(Chapter 4). The plant material was weighted into porcelain ashing trays into which 50 
% Mg(NO3)2.6H2O was added slowly to saturate the material. The samples were dried 
overnight at 100 °C, transferred to a 650 °C oven, for at least 12 h, in order to ash the 
material. Aqua regia 20 % (50 ml HNO3 conc. and 150 ml HCl conc. added up to 1 l 
with demineralized water) was added to the ash residue, transferred quantitatively to a 
measuring flask and made up to 100 ml with demineralized water. SulfaVer®4 Reagent 
Powder Pillow (HACH Permachem® reagents, Loveland, USA), which contains BaCl2, 
was added and the turbidity was measured at 450 nm with a spectrophotometer (HACH 
DR/4000V, Loveland, USA). 
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Nitrate and sulfate content 
For nitrate and sulfate analysis, frozen (Chapters 3 and 4), fresh (Chapter 6) and freeze-
dried (Chapters 5 and 8) shoot and root material was extracted in demineralized water, 
by using an Ultra Turrax (T25 Basic Ika Labortechnik, Staufen, Germany). The extract 
was incubated at 100 °C for 10 min, filtered and centrifuged at 30,000 g for 15 min 
(Beckman, Model J2-MC, Palo Alto, California, USA). Nitrate and sulfate were 
separated by HPLC on IonoSpher A anion exchange column (Varian/Chrompack 
Benelux, Bergen op Zoom, The Netherlands) and determined refractrometrically 
according to Buchner et al. (2004). 
 
Net nitrate and sulfate uptake  
Net nitrate and sulfate uptake rate measurements were performed as described by 
Westerman et al. (2000) and calculated according to Stuiver et al. (1997). Plants were 
placed in PVC pots, in triplicate, which were filled exactly up to 1.1 l with 25 % 
Hoagland nutrient solution (3.75 mM nitrate and 0.5 mM sulfate as initial 
concentrations). Aliquots were taken at day 0 and at day 7 of the NH3 exposure period, 
after re-filling the PVC pots with demineralized water up to 1.1 l. Nitrate and sulfate 
contents were analyzed as described above. Net nitrate and sulfate uptake rates were 
measured over a week period and expressed as µmol g-1 FW plant day-1. 
 
Net nitrate uptake rate with 15N nitrate 
Short-term net nitrate uptake rate was measured with 15NO3 after Ter Steege et al. (1998) 
and Rubinigg et al. (2003). At day 7 of the NH3 exposure period, whole plants were 
transferred from 25 % Hoagland solution to labelled solution containing 99 % enriched 
K15NO3. Composition and pH of both solutions were kept equal. The labeling period was 
2 h according to Ter Steege et al. (1998) and Rubinigg et al. (2003). At the end of the 
labeling period, the roots were immersed in demineralized water twice for 45 s. Shoot 
and root fresh weights of the plants were determined and the plants dried at 70 °C 
overnight. Total N and 15N concentrations were detected with an isotope ratio mass 
spectrometer at the Stable Isotope facility of the University of California-Davis, USA 
(Europa Scientific Integra CN-Analyzer, PDZ Europe Ltd., Norwich, U.K.) in both shoot 
and roots. The measurements were performed 3.5-5 h after the starting of the light period 





Nitrate reductase activity  
Fresh material was used to determine the nitrate reductase activity by both in vivo 
(Stulen et al., 1981a,b) and in vitro assays (Kaiser et al., 1992). In the latter assay the 
enzymatic capacity was measured. For determination of in vivo nitrate reductase activity 
samples were taken in the linear phase of the reaction, viz. at 15 and 45 min for shoot and 
at 5 and 10 min for root material, after the start of the incubation. Nitrite in the samples 
was measured colorimetrically at 540 nm (Starrcol SC-60-S, R&R Mechatronics, Hoorn, 
The Netherlands). For in vitro nitrate reductase activity plant material was weighed in 
triplicate and grinded with a mortar and pestle with liquid N2. After an incubation time of 
10 min samples were taken for nitrite measurements. Soluble protein content of the 
supernatants was determined according to Bradford (1976). 
 
Cation content 
The cation content (Ca2+, Mg2+, K+, Na+) of freeze-dried shoot and root samples was 
measured with an atomic absorption spectrophotometer (Shimadzu AA-660, Kyoto, 
Japan) after digestion with destruction mixture (HNO3/H2SO4/HClO4, 0.6/0.4/0.02, 
v/v/v) in a high performance microwave digestion unit (MLS 1200 Mega Microwave, 
Milestone, Sorisole, Italy). 
 
Soluble sugar content 
Soluble sugars were extracted from the freeze-dried material with 80 % ethanol. The 
soluble and insoluble fractions were separated by centrifugation (Sorvall, GLC-2B, 
Bergen op Zoom, The Netherlands). The soluble sugar fraction was determined in both 
shoot and roots according to Fales (1951) and measured in a spectrophotometer at 620 
nm (Starrcol SC-60-S, R&R Mechatronics, Hoorn, The Netherlands) by using 0.145 % 
(w/v) anthrone in ethanol/H2O/H2SO4, 4/15/50 (v/v/v). 
 
Free amino acids content 
Fresh shoot and root material was extracted as described for nitrate and sulfate content. 
The content of free amino acids in the supernatant was determined according to Rosen 
(1957). Ninhydrine (Sigma, Switzerland) 0.03 % (w/v), dissolved in ethylen-
glycolmonomethylether, at pH 5.4 by KCN/Na-acetate buffer was added to the 
supernatant and incubated at 100 °C for 15 min. Thereafter, isopropanol/H2O, 1/1 (v/v) 
was added and the absorbance of the samples was measured with a spectrometer at 578 
nm (Starrcol SC-60-S, R&R, Mechatronics, Hoorn, The Netherlands). 
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Individual amino acids quantification 
Amino acids were determined by HPLC (Gilson system) using C18 columns (Waters, 
Spherisorb S3 ODS2, id 4.6mm) of 150 mm length and UV/VIS detector set at 340 nm, 
after a precolumn derivatization with o-phthalaldehyde/2-mercaptoethanol, according to 
Rosa and Gomes (2001) following a combined procedure by Cooper et al. (1984) and 
Sørensen et al. (1999). Identification and quantification of the detected amino acids were 
made by external standards after adjustments through regression lines. 
 
Glucosinolates content 
Freeze-dried shoot and root material was ground to a fine powder and 200 mg aliquots 
were extracted by adding 3 ml of boiling 90 % methanol plus 200 µl of benzyl 
glucosinolate as an internal standard. After 2 min of boiling, a procedure which 
simultaneously inactivates myrosinase, extracts were centrifuged (Kubota 2100, Kubota 
Corporation, Tokyo, Japan) during 2 min at 2,500 g and the residue was re-extracted 
twice with boiling 70 % methanol (3 ml). Extracts were combined to give a final volume 
of 10 ml and a 2.5 ml aliquot was evaporated to dryness and taken up in 2.5 ml water. 2 
ml were applied to a small DEAE Sephadex A 25 column and the adsorbed glucosinolate 
desulphated by adding sulphatase (Sigma Chemical Co, St. Louis, MO, USA) (Heaney 
and Fenwick, 1980). Desulpho-glucosinolates were eluted with water and analyzed by 
HPLC (Gilson system) using a C18 columns (Waters, Ireland, Spherisorb 5 µm ODS2, 
4.6 x 250 mm,) with a UV detector at 229 nm (Spinks et al., 1984). Benzyl glucosinolate 
and other glucosinolate standards used for HPLC were isolated and identified according 
to published methods (Chapter 4) (Fahey et al., 1997; Prestera et al., 1996, Troyer et al., 
2001). 
 
Total water-soluble non-protein thiols 
Fresh shoot and root material was homogenized in extraction medium consisting of 80 
mM sulfosalisylic acid, 1 mM Na2EDTA and 0.15 % (w/v) ascorbic acid at 0 °C with an 
Ultra Turrax (T25 Basic Ika Labortechnik, Staufen, Germany) for 15 s (1 g FW in 10 
ml), according to Stuiver et al. (1992). O2 was removed from the extraction medium by 
N2 bubbling. Homogenates were filtrate through one layer of Miracloth (Clabiochem 
Corporation, LaJolla, CA, USA) and centrifuged at 30,000 g for 15 min (0 ºC). Total 
water-soluble non-protein thiols were measured colorimetrically at 413 nm after reaction 
in a mixture of 1 ml supernatant, 0.1 ml H2O, 0.1 ml Ellman’s reagent (10 mM DTNB in 




O-Acetylserine content was determined according to Wirtz et al. (2004). Freeze-dried 
shoot and root material (25 mg) was extracted in 1 ml 0.1 mM HCl for 15 min at 4 ºC, 
while shaking. Homogenates were centrifuged twice at 15,400 g at 4 ºC for 5 min and 
the supernatants were used for further analysis. Determination of OAS was based on 
derivatization with the fluorescent dye AccQ-Tag (Walters, Milford, MA). An estimated 
volume of supernatant (5-20 µl) was derivatized according to the manufacturer (Manual 
WAT 052874TP). The resulting OAS derivative was separated from other amino acids 
derivatives by reverse phase HPLC as described by Wirtz et al. (2004), with the 
exception of the pH of the buffer A which was optimized to pH 6.3. Data acquisition and 
processing were performed with Millenium 32 software (Waters). Recovery rates for 
OAS were higher than 90 % in all tested tissues as determined by spiking samples with 
internal standards. 
 
Water-soluble protein extraction and determination 
Water-soluble proteins were extracted according to Stuiver et al. (1995) and measured 
according to Bradford (1976). Freeze-dried shoot and root material (Chapter 7) was 
extracted in K-phosphate buffer (0.1 g DW in 10 ml), filtered over one layer of 
Miracloth, centrifuged at 40,000 g for 30 min (0 ºC); or fresh shoot and root material 
(Chapter 4) were homogenized with an Ultra Turrax in 0.1 M K-phosphate buffer (1 g 
FW in 10 ml), filtered over one layer of Miracloth and centrifuged at 30,000 g for 15 
minutes at 0 ºC. 10 µl of the supernatant were added up with bidestilled water, 0.2 ml 
Bio-Rad dye reagent (Bio-Rad Laboratories, Munich, Germany) was added and water-
soluble proteins were measured colorimetrically at 595 nm, using bovine serum albumin 
(BSA) as a standard.  
 
Water-soluble protein sample preparation for SDS-PAGE 
Water-soluble protein extracts were precipitated with trichloroacetic acid (TCA 5 %, 
final concentration, w/v). Samples were kept in ice for 30 min and thereafter centrifuged 
for 15 min at 4 ºC. The pellets formed were washed twice with ice-cold acetone (100 %) 
and thereafter dried. Sample buffer (50 µl; 0.125 M Tris-HCl (pH 6.7); 2 % SDS, w/v; 1 
% ß-mercaptoethanol, v/v; 5 % glycerol, w/v; 0.1 %, bromophenol blue, w/v) was added, 
and the samples were boiled for 10 min at 97 ºC. Water-soluble protein extracts (10 µl) 
were loaded in 10 % SDS-PAGE (Laemmli, 1970), stained with Coomassie Brilliant 
Blue and the Precision Plus Protein Standard Marker (Biorad Laboratories, Richmond, 
CA, USA) was used as a reference. 
  24
Sample preparation for root scanning analyses 
Roots were washed in ice-cold water twice for 15 s and the fresh weights taken. Sample 
preparation for scanning analyses was performed according to Bouma et al. (2000). 
Roots were stained in neutral red solution (1 g l-1) for 5 min and placed in 25 % 
Hoagland solution, with 0.01 % HgCl2, kept in the dark at 4 ºC until further analyses. 
The intact root system was spread out in transparent plastic tray with water. The software 
used was WinRHIZO (Reagent Instrument Inc., which was installed on a pentium PC 
(Compaq DeskPro 4000, with 64 MB RAM, Compaq Corporation, USA) coupled to a 
flatbed scanner (HP Scan Jet 4c, Hewlett-Packard Co., USA) with a transparency adapter 
(HP Transparency Adapter, Hewlett-Packard). Image acquisition and analyses were 
software controlled. Scan analyses were performed at 400 dpi. Total root length, root 
surface area, root volume and average root diameter were calculated according to the 
modified line intersection method (Tennant, 1975). 
 
Statistics 
Data were analyzed using and unpaired Student’s t-test (P<0.01). Further details on the 
number of experiments, measurements per experiments and number of plants are given 




Nitrogen and sulfur requirement for growth: a comparative study using different 




In order to search for plants differing in nitrogen and sulfur requirement for growth, a 
comparative study was carried out with five cultivars of Brassica oleracea L. Growth, total N 
and S pools, corresponding anions and free amino acid content were measured in seedlings of B. 
oleracea cultivars: curly kale, pointed cabbage, red cabbage, savoy cabbage, and white cabbage. 
There were only slight differences in growth parameters. Savoy cabbage had the highest total N 
and the lowest total S content, while curly kale had the highest total S and the lowest total N 
content. In addition, savoy cabbage had the highest nitrogen requirement, while curly kale had 
the highest sulfur requirement. In all five B. oleracea cultivars sulfur is mainly present as 
sulfate, viz. between 70-88 % of the total sulfur content. The concept of sulfur requirement for 
structural growth may have to be redefined. The B. oleracea cultivars used in this study are not 
suitable for comparative experiments on the regulatory control of nitrate and sulfate assimilatory 







Proteins contain both sulfur and non-sulfur amino acids and for this reason the 
availability of nitrogen and sulfur interacts with the utilization of nitrogen and sulfur for 
proteins and plant growth. It is likely that metabolic coordination exists between these 
two metabolic pathways, to ensure that the N and S fluxes meet the amino acids 
requirements for protein synthesis. 
 Cysteine plays a key role in the synthesis of organic sulfur compounds and its 
synthesis is a major reaction in the direct coupling between sulfur and nitrogen 
metabolism in the plant (Brunold, 1993, 2003). Cysteine not only contributes to the 
biosynthesis of methionine but is also a precursor for glutathione (GSH), phytochelatins, 
co-factors (iron-sulfur clusters), essential vitamins as biotine and thiamine and sulfur 
esters (coenzyme A) (Leustek and Saito, 1999; De Kok et al., 2002a; Hell et al., 2002; 
Droux, 2004; Saito, 2004). In addition, cysteine (and methionine) are also involved as 
precursors for secondary sulfur compounds as glucosinolates in the Brassicaceae family 
(Wittstock and Halkier, 2002). In general, research on uptake and metabolism of 
nitrogen and sulfur by plants has mainly been focused on elucidation and 
characterization of the pathways and of the transporters and enzymes involved (Stulen 
and De Kok, 1993). Conclusions on the possible mutual regulation of nitrogen and sulfur 
metabolism has often been based on changes in activity and/or expression of the 
transporters and enzymes by imposing pedospheric nitrogen and sulfur deprivation.  
 This study was aimed at establishing the most extreme cultivar in terms of nitrogen 
and sulfur requirement for growth. For that, a comparative study was carried out with 
five cultivars of Brassica oleracea L.  
 
Results and Discussion 
 
There were only slight differences in relative growth rate (RGR). Shoot to root ratio and 
dry matter content did not differ significantly between cultivars (Table 1). 
 Savoy cabbage had the highest total N and the lowest total S content, while curly kale 
had the highest total S and the lowest total N content (Fig. 1a,c). Nitrate content showed 
no difference between the cultivars of B. oleracea (Fig. 1b). Apparently, in all five in B. 
oleracea cultivars sulfur is mainly present as sulfate, viz. between 70-88 % of the total 
sulfur content (Fig. 1d). Organic N/S ratio appeared to be most different in pointed 
cabbage with the lowest value, and red cabbage with the highest value (Fig. 1e). This can 
be explained by the differences found in the sulfate content rather than changes in the 
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nitrate content. The free amino acid content was similar for the different cultivars (Fig. 
1f). 
 
Table 1. Growth of seedlings of five Brassica oleracea cultivars.  
Curly kale cv. Arsis, pointed cabbage cv. Duchy, red cabbage cv. Rodon, savoy cabbage cv. 
Tarvoy, and white cabbage cv. Castello. Seedlings were 26 days old. For growth conditions see 
Chapter 2. Relative growth rate (RGR) on a fresh weight (FW) basis is expressed as g g-1 day-1 
and was determined between day 19 and 26. Shoot to root ratio (S/R) is given on a FW basis, 
dry matter content (DMC) as % of fresh weight. Data represents the mean of 3 experiments, 
with 3 measurements per experiment, with 3 plants in each (±SD). No significant differences 
were observed (Student’s t-test, P<0.01). 
 
 Growth parameters 
 RGR S/R DMC 
Curly kale 0.22 4.0±1.3 11.6±0.4 
Pointed cabbage 0.22 5.1±0.6 12.7±0.8 
Red cabbage 0.21 5.0±1.0 11.2±0.9 
Savoy cabbage 0.22 3.5±0.5 13.6±1.9 
White cabbage 0.22 4.7±0.4 11.9±1.4 
 
 Calculation of the nitrogen and sulfur requirement for growth from the data given in 
Table 1 shows that savoy cabbage has the highest nitrogen requirement, while curly kale 
has the highest sulfur requirement (Fig. 2a,b). However, the main fraction of the total 
sulfur content is in the non-reduced, inorganic form. The concept of sulfur requirement 
for growth, therefore, has to be redefined. For structural growth the organic sulfur is the 










































































































Free amino acid content























Fig. 1. Total nitrogen (a) and sulfur (c) content, nitrate (b) and sulfate content (d), organic N/S 
ratio (e) and free amino acid content (f) of different cultivars of Brassica oleracea expressed on 
a plant basis. 1. curly kale cv. Arsis, 2. pointed cabbage cv. Duchy, 3. red cabbage cv. Rodon, 4. 
savoy cabbage cv Tarvoy, and 5. white cabbage cv. Castello. Seedlings were 26 days old. 
Organic N/S ratio was calculated by the quotient of the difference between total N and S 
contents and their correspondent anions. Data represents the mean of 3 experiments, with 3 
measurements per experiment, with 3 plants in each (±SD). Values followed by different letters 


















































Fig. 2. Nitrogen (a) and sulfur (b) requirement of different cultivars of Brassica oleracea, 
calculated on basis of the data on RGR and total nitrogen and sulfur content given in Table 1 
and Fig. 1, respectively, after De Kok et al. (2000). 1. curly kale cv. Arsis, 2. pointed cabbage 
cv. Duchy, 3. red cabbage cv. Rodon, 4. savoy cabbage cv Tarvoy, and 5. white cabbage cv. 
Castello. Seedlings were 26 days old. Data represents the mean of 3 experiments, with 3 
measurements per experiment, with 3 plants in each (±SD). Values followed by different letters 




Since the differences found in nitrogen and sulfur requirement were not very substantial, 
and the pre-dominant proportion of the sulfur is present as sulfate, we conclude that the 
B. oleracea cultivars used in this study are not suitable for comparative experiments on 
the regulatory control of nitrate and sulfate assimilatory pathways. Therefore, the 
occurrence and nature of the extremely high ratio of sulfate to organic sulfur in shoots of 


















Glucosinolates are commonly found in Brassicaceae. To what extent glucosinolates can 
contribute to the total sulfur pool was investigated. In cultivars of Brassica oleracea viz. curly 
kale, pointed cabbage, red cabbage, savoy cabbage and white cabbage, total glucosinolate 
content and composition of the glucosinolate pool (aliphatic, aromatic and indolyl 
glucosinolates) and individual amino acids were measured, together with determination of the 
total and inorganic sulfur and nitrogen contents. In all cultivars the total glucosinolate content 
was highest in the roots. Roots of curly kale had the highest gluconasturtiin content (12.6 µmol 
g-1 DW), while the shoots of white cabbage had the lowest glucoiberin content (0.3 µmol g-1 
DW). Aromatic glucosinolates were highest in the roots of curly kale, accounting for 63 % of 
the total content, while the roots of savoy cabbage had the highest aliphatic glucosinolate 
content (8.1 µmol g-1 DW). Methionine, the precursor of aliphatic glucosinolates was highest in 
savoy cabbage shoots; whereas phenylalanine, as precursor of aromatic glucosinolates was 
highest in curly kale shoots. Expression of the total glucosinolate fraction on a total sulfur basis 
showed that the contribution of the glucosinolate fraction was very low (1-2 %). Since a large 
amount of total sulfur was present as sulfate (70-88 %) total glucosinolate content was also 
expressed on an organic sulfur basis. These values ranged between 10 % for white cabbage and 
23 % savoy cabbage. We conclude that expression on an organic sulfur basis is a better 






Glucosinolates are secondary sulfur and nitrogen containing metabolites commonly 
found in Brassicaceae, which include economically important crops as cabbage (Brassica 
oleracea) and oilseed rape (Brassica napus) (Schnug 1990, 1993; Rosa 1997; Graser et 
al., 2001; Petersen et al., 2002; Reichelt et al., 2002; Wittstock and Halkier, 2002). 
There is a great diversity in glucosinolates because of differences in amino acid derived 
side chains and their elongated derivatives. The synthesis of glucosinolates comprises the 
oxidation of the parent amino acid to an aldoxime, followed by the addition of a thiol 
group, most likely as the result of conjugation with cysteine to produce thiohydroximate. 
Furthermore, the transfer of glucose and sulfate moieties completes the formation of the 
glucosinolates, which is composed of a ß-thioglucose moiety, a sulfonated oxime and a 
side chain (Schnug, 1990; Rosa, 1997, 1999; Graser et al., 2001). The physiological 
significance of glucosinolates is still obscure, though these secondary sulfur compounds 
are considered to act as sink compounds in situations of sulfur excess (Schnug 1990, 
1993; Ernst 1990). However, when Brassica was exposed to H2S (Westerman et al., 
2000) and Arabidopsis to SO2 (Van Der Kooij et al., 1997), the sink capacity of the 
glucosinolate fraction seemed to be rather limited. Upon tissue disruption, glucosinolates 
are degraded by the enzyme myrosinase (thioglucoside glucohydrolase) to yield glucose, 
sulfate and aglucone. By fragmentation and/or molecular rearrangements a variety of 
biologically active products such as isothiocyanates, thiocyanates, nitriles and 
oxazolidine-2-thiones are formed (Rosa 1997, 1999; Kushad et al., 1999; Graser et al., 
2001; Petersen et al., 2002; Reichelt et al., 2002; Wittstock and Halkier, 2002). The 
glucosinolate-myrosinase system is assumed to play a role in plant-herbivore and plant-
pathogen interactions. Furthermore, glucosinolates are responsible for the flavour 
properties of Brassicaceae and recently have received attention in view of their potential 
anticarcinogenic properties (Kushad et al., 1999; Graser et al., 2001; Petersen et al., 
2002; Reichelt et al., 2002).  
 In general, species of the Brassicaceae are considered to have a high sulfur 
requirement for growth. However, in seedlings a large proportion of total sulfur may be 
present as sulfate. Therefore the definition of the actual sulfur requirement for structural 
growth may have to be redefined (see Chapter 3). Little is known about the proportion of 
sulfur present in glucosinolates in the seedling stage. This study presents the total 
glucosinolate content and composition (aliphatic, aromatic and indolyl glucosinolates) in 
various cultivars of Brassica oleracea cultivars viz. curly kale, pointed cabbage, red 
cabbage, savoy cabbage, and white cabbage as well as individual amino acids 
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composition. The glucosinolate content is expressed as fraction of the organic and total 
sulfur content. 
 
Results and Discussion 
 
Growth parameters, sulfur and nitrogen content 
There were only minor differences in relative growth rate (RGR) between the 5 cultivars 
of Brassica oleracea L. The highest shoot to root ratios (S/R) were found in pointed 
cabbage and savoy cabbage. Savoy cabbage had the highest dry matter content (DMC) 
and white cabbage the lowest (Table 1).  
 
Table 1. Growth parameters in different cultivars of Brassica oleracea.  
1. curly kale cv. Arsis; 2. pointed cabbage cv. Duchy; 3. red cabbage cv. Rodon; 4. savoy 
cabbage cv. Tarvoy; 5. white cabbage, cv. Castello. RGR, relative growth rate (g g-1 day-1) was 
determined was determined between day 19 and 26 expressed on a plant basis; S/R, shoot to root 
ratio on a dry weight basis; DMC, dry matter content of the plant (%). Data represent the mean 
of 3 measurements, with 3 plants in each (± SD). Means followed by different letters are 
statistically different at p<0.01 (Student’s t-test). 
 
 1. 2. 3. 4. 5. 
RGR 0.24 0.22 0.24 0.23 0.24 
S/R 6.6±0.3a 8.0±0.2b 6.9±0.3a 7.7±0.5b 6.8±0.6a 
DMC 9.1±0.4b 8.4±0.6b 8.3±0.6cb 10.3±0.2c 7.8±0.4a 
 
 
 Pointed cabbage and savoy cabbage had the lowest total sulfur content. In all cultivars 
the main fraction of total sulfur consisted of sulfate. The sulfate fraction accounted for up 
to 94 % in white cabbage, and 90 % in pointed cabbage (Fig. 1a). The fact that 
Brassicaceae species originate from saline and sulfur enriched environments (Westerman 
et al., 2001), might explain the high sulfate levels, since these plant species are able to 
store high quantities of sulfate in the vacuole. Savoy cabbage had the highest total 
nitrogen content, while no differences were found between the other cultivars (Fig. 1b). 
In savoy cabbage the inorganic nitrogen fraction (nitrate) was 36 % of the total nitrogen 
fraction. In curly kale, which had a lower total nitrogen content, the nitrate fraction was 
in the same range (32 %). The total N/total S ratio ranged from 7.3 to 9.9 for pointed 
cabbage and savoy cabbage, respectively. No significant differences were found. 
 Sulfur and nitrogen requirement for growth can be calculated from data on RGR and 
total sulfur and nitrogen content. Because of the extremely high content of inorganic 
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sulfur found in these Brassica cultivars, also reported by De Kok et al. (2000) and 
Westerman et al. (2001), the concept of “requirement for growth” may have to be re-
defined.  
 








































Fig. 1. Sulfur (a) and nitrogen content (b) of Brassica oleracea cultivars.  
1. curly kale cv. Arsis; 2. pointed cabbage cv. Duchy; 3. red cabbage cv. Rodon; 4. savoy 
cabbage cv. Tarvoy; 5. white cabbage, cv. Castello. The organic fraction is represented in grey 
(■) and the inorganic fraction in white bars (□). Data represent the mean of 3 measurements, 
with 3 plants in each (±SD) and are expressed on a plant dry weight basis. Data on total content 
followed by different letters are statistically different at p<0.01 (Student’s t-test). 
 
 
Individual glucosinolate content, amino acid composition and glucosinolate content per 
class 
The differences observed in the glucosinolate content between the five Brassica 
cultivars, individual and per class, were apparently due to cultivar genotype, since the 
cultivars were grown at the same environmental conditions and harvested at the same 
ontogenic stage (Rosa, 1997; Kushad et al., 1999; Pereira et al., 2002). 
 The biosynthesis of glucosinolates occurs in different organs of the plant (Schnug, 
1990, 1993; Rosa, 1997; Kushad et al., 1999; Pereira et al., 2002). In the present 
experiments significant differences in contents of individual glucosinolates between 
shoot and roots as well as between cultivars were found (Table 2). For curly kale, 
gluconasturtiin was detected in the highest amounts in the roots, whereas in the shoots 
progoitrin, 4-hydroxyglucobrassicin and gluconasturtiin were not detected. Pointed 
cabbage had the highest gluconasturtiin content in the root, while in the shoot progoitrin 
and 4-hydroxyglucobrassicin were not detected. In red cabbage, progoitrin content in the 
root was the highest detected while in the shoots 4-hydroxyglucobrassicin and 
gluconasturtiin were not detected. Glucosinolate analysis in savoy cabbage showed that 
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sinigrin was the main compound present in the roots while only progoitrin was not 
detected in the shoots. In white cabbage, sinigrin was the glucosinolate present at the 
highest amount in the roots, while in the shoots the same glucosinolates as in curly kale 
were not detected. In all cultivars gluconasturtiin was the glucosinolate found in the 
highest contents in the root. The content in the roots of curly kale was 2.3 times higher 
than that in pointed cabbage, while the roots of savoy cabbage had 1.6 times the amount 
of the roots of white cabbage.  
 
 
Table 2. Content of individual glucosinolates in 5 cultivars of Brassica oleracea. 
1. curly kale cv. Arsis; 2. pointed cabbage cv. Duchy; 3. red cabbage cv. Rodon; 4. savoy 
cabbage cv. Tarvoy; 5. white cabbage, cv. Castello. Glucoiberin, progoitrin and sinigrin are  
aliphatic glucosinolates, 4-hydroxyglucobrassicin and glucobrassicin are indolyl glucosinolates 
and gluconasturtiin is an aromatic glucosinolate. Total glucosinolate content was calculated by 
adding the content of individual glucosinolate, for each cultivar. Data is expressed in µmol g-1 
DW and represents the mean of 3 measurements with 3 plants in each (± SD). S, shoot; R, root; 
ud., undetectable. Means followed by different letters are statistically different at p<0.01 
(Student’s t-test). 
 
  1. 2. 3. 4. 5. 
Glucoiberin S 1.3±0.0a 1.4±0.0a 0.7±0.0b 1.4±0.1a 0.3±0.0c  
 R 0.7±0.2a 0.6±0.0b ud. 1.1±0.0d 0.1±0.1c  
Progoitrin S ud. ud. 0.9±0.0 ud. ud.  
 R 0.3±0.0a 1.4±0.0b 2.4±0.0c 0.8±0.0d 0.9±0.0e  
Sinigrin S 1.1±0.0a 0.8±0.0b 2.1±0.0c 1.5±0.1d 1.8±0.0e  
 R 2.3±0.6a 1.8±0.0b 1.1±0.0c 6.3±0.1d 3.9±0.1e  
4-Hydroxyglucobrassicin S ud. ud. ud. 0.1±0.0 ud.  
 R 0.5±0.3a 0.6±0.0b 0.1±0.0c 1.2±0.1d 0.1±0.0e  
Glucobrassicin S 1.1±0.1a 0.5±0.0a 0.9±0.1a 3.7±0.3a 0.4±0.0a  
 R 3.7±0.2a 1.6±0.0b 0.2±0.0c 2.5±0.1d 0.1±0.0e  
Gluconasturtiin S ud. 0.2±0.0a ud. 0.2±0.0a ud.  
 R 12.6±0.9a 5.6±0.3b 1.0±0.0b 4.6±0.1c 0.5±0.2d  
Total glucosinolate S 3.5 a 17.3b 4.6c 6.9d 2.5e  
 R 20.1a 11.6b 4.8c 16.5d 5.5a  
 
 
 Calculation of the total glucosinolate content per class is presented in Fig. 2a,b for 
roots and shoots respectively. Aromatic glucosinolates were highest in the roots of curly 
kale, accounting for 63 % of the total content. The highest aliphatic glucosinolate content 
was observed in savoy cabbage, representing 50 % of the total content. In aliphatic 
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glucosinolates the S:N atom ratio is 2:1 (Blake-Kalff et al., 1998). It is worth to point out 
that savoy cabbage had the lowest sulfur content but the highest nitrogen content (Fig. 
1a, b). The highest root indolyl glucosinolate content was found in curly kale, 
representing 21 % of the total, whereas white cabbage had the lowest indolyl 
glucosinolate content, accounting for only 3 % of the total glucosinolate content. In the 
shoots the glucosinolate content per class was generally lower than in the roots for all the 
cultivars. Furthermore, in the shoots of curly kale, red cabbage and white cabbage no 
aromatic glucosinolates were detected. The exception is savoy cabbage, in which 
aliphatic glucosinolates accounted for 43 % of the total content. 
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Fig. 2. Total glucosinolate content per class in roots (a) and shoots (b) in 5 cultivars of Brassica 
oleracea. 1. curly kale cv. Arsis; 2. pointed cabbage cv. Duchy; 3. red cabbage cv. Rodon; 4. 
savoy cabbage cv. Tarvoy; 5. white cabbage, cv. Castello. Aliphatic, indolyl and aromatic 
glucosinolates are represented in light, grey and dark bars, respectively. ud., undetectable. 
Glucoiberin, progoitrin and sinigrin are aliphatic glucosinolates, 4-hydroxyglucobrassicin and 
glucobrassicin are indolyl glucosinolates and gluconasturtiin is an aromatic glucosinolate.  Data 
represents the mean of 3 measurements with 3 plants in each (± SD). Means followed by 
different letters are statistically different at p<0.01 (Student’s t-test). 
 
 
 Quantification of individual amino acids (Table 3) showed differences in some of the 
precursors between cultivars and plant parts. Methionine, the precursor for the aliphatic 
class, had a content of 0.9 and 5.3 µmol g-1 DW in the roots of white cabbage and curly 
kale, respectively. In curly kale methionine content in the shoots was 3.5-fold lower than 
in the roots, while the content of this amino acid in the shoot of savoy cabbage (1.6 µmol 


































 Phenylalanine, the precursor for aromatic glucosinolates had a content of 0.7 and 1.9 
µmol g-1 DW in the roots of savoy cabbage and curly kale, whereas the shoots of whit. 
Based on these results it seems unlikely that lack of precursors for glucosinolate 
biosynthesis for the various classes affected the results. 
Table 3. Amino acid composition in different Brassica oleracea cultivars (µmolg-1 DW). 1. curly 
kale cv. Arsis; 2. pointed cabbage cv. Duchy; 3. red cabbage cv. Rodon; 4. savoy cabbage cv. 
Tarvoy; 5. white cabbage, cv. Castello. Data represent the mean of 3 measurements, with 3 plants 
in each (± SD) and are expressed on a plant dry weight basis. S, shoot; R, root; ud., undetectable. 
Data followed by different letters are statistically different at p< 0.01 (Student’s t-test). 
 
  1. 2. 3. 4. 5. 
Alanine S 9.9±1.9b 2.3±3.5a 9.9±0.4b 13±1.3c 16±1.8c 
 R 7.5±1.4a 5.9±0.7a 17±7.6c 8.7±0.4b 10±4.3abc 
Arginine S 0.4±0.1b 3.6±2.9bc 0.1±0.1a 1.2±0.1c 0.5±0.2b 
 R 0.5±0.5ab 0.1±0.1a ud. 0.9±0.5b 0.1±0.0a 
Asparagine S 2.5±0.7a 1.1±0.9a 0.7±0.1ab 1.7±0.3a 1.5±0.8a 
 R 1.4±0.4d 0.9±0.1c 0.5±0.1a 1.5±0.2d 0.7±0.0b 
Aspartate S 0.8±0.6a 0.4±0.1a 0.5±0.3a 0.2±0.2a 0.8±0.3a 
 R 0.4±0.3a 0.4±0.2ab 0.1±0.0a 0.7±0.1c 0.1±0.0a 
Glutamate S 12±8.4a 6.3±0.8a 8.9±4.3a 6.7±4.2a 2.3±2.1a 
 R 3.8±1.8ab 3.7±0.9ab 2.4±0.3a 5.3±0.6b 2.1±0.3a 
Glutamine S 10±2.4a 9.8±0.7a 10.3±1.8a 9.7±1.3a 7.7±1.9a 
 R 19±1.0c 15±0.5b 12.3±1.6bc 22±7.9d 13±0.1a 
Glycine S 2.7±0.8b 1.4±0.1ab 0.9±0.2a 2.9±0.7b 1.3±0.7ab 
 R 0.4±0.1ab 0.5±0.1b 0.3±0.0a   0.4±0.1ab 0.4±0.0b 
Histidine S 18±3.9b 11±0.9a 8.2±1.3a 11±1.8a 9.0±3.5a 
 R 11±1.7b 11±1.6b 6.2±1.2a 11±0.7b 9.0±1.2b 
Isoleucine S 1.5±1.3a 1.5±0.3a 0.9±0.1a 1.6±0.3a 1.3±0.9a 
 R 0.4±0.2b 1.4±1.0b 0.5±0.2b 0.1±0.0a 0.5±0.3b 
Metionine S 1.5±0.3a 0.5±0.6a 1.2±0.2a 1.6±0.3a 1.5±0.5a 
 R 5.3±0.7b 1.2±0.1a 1.2±0.3a 1.2±0.0a 0.9±0.4a 
Phenyalanine S 0.4±0.3a 1.1±0.9a 0.4±0.5a 0.6±0.7a 0.5±0.0a 
 R 1.9±2.4ab 0.7±0.2a ud. 0.6±0.0a 1.7±0.0b 
Serine S 3.6±1.1ab 5.5±0.7a 2.1±0.4b 2.6±0.5b 2.3±0.0b 
 R 1.3±0.3ab 1.3±0.2b 0.9±0.1a 1.4±0.1b 1.1±0.0ab 
Threonine S 0.6±0.1a 1.2±0.2b 0.4±0.1a 1.2±0.2b 0.6±0.1a 
 R 0.8±0.6bc 0.6±0.1c 0.1±0.0a 0.9±0.1c 0.2±0.0b 
Tyrosine S 0.5±0.1a 0.8±0.5ab 1.2±0.2b 0.5±0.0a 0.8±0.3ab 
 R 2.7±0.8a 2.9±0.8a 2.5±0.1a 2.1±0.7a 2.5±0.1a 
Valine S 2.3±0.4b 1.2±0.1a 2.0±0.2b 0.9±0.1a 1.6±0.2b 
 R 2.4±0.6a 2.2±0.6a 2.1±0.5a 2.1±0.4a 2.5±0.1a 
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 Phenylalanine, the precursor for aromatic glucosinolates had a content of 0.6 and 
1.9 µmol g-1 DW in the roots of savoy cabbage and curly kale, whereas the shoots of red 
cabbage had the lowest value (0.4 µmol g-1 DW) and pointed cabbage the highest value 
(1.1 µmol g-1 DW). Based on these results it seems unlikely that lack of precursors for 
glucosinolate biosynthesis for the various classes affected the results. 
 
 In all Brassica cultivars the total glucosinolate content was highest in the roots (Table 
2). This is in agreement with findings with other species as Arabidopsis thaliana (Graser 
et al., 2001) and other cultivars of Brassica oleracea (for detailed review see Rosa 1999; 
Westerman et al., 2001). The cultivar with the highest glucosinolate content, savoy 
cabbage, had 1.4-fold less total glucosinolates, when calculated on a whole plant basis 
(after De Kok et al., 2000), than found by Kushad et al., (1999) for different cultivars of 
Brassica. This difference might be explained by the different methodology used in 
glucosinolate extraction as well as a different quantification of the glucosinolate content. 
 


























Fig. 3. Total glucosinolate content in 5 cultivars of Brassica oleracea expressed as a fraction of 
organic (a) and total (b) sulfur contents.  
Glucosinolate content is expressed in dark (■) and organic (a) and total sulfur (b) fraction in 
light (□) bars. 1. curly kale cv. Arsis; 2. pointed cabbage cv. Duchy; 3. red cabbage cv. Rodon; 
4. savoy cabbage cv. Tarvoy; 5. white cabbage, cv. Castello. Data represents the mean of 3 
measurements with 3 plants in each (±SD). Means followed by different letters are statistically 
different at p<0.01 (Student’s t-test). 
 
Glucosinolate content in relation to the sulfur pool 
How to express the glucosinolate content, either as fraction of the total sulfur or as 
organic sulfur fraction (Fig. 3a,b) is a question that can be raised. Generally, it is 
common to find the glucosinolate content expressed as a fraction of total sulfur content 
(Westerman et al., 2001). Glucosinolate content expressed on a total sulfur basis ranged 
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from 1-2 %, for white cabbage and savoy cabbage (Fig. 3b). Calculation of the these data 
on an organic sulfur basis showed much higher values, viz. 10 and 23 % for white 
cabbage and savoy cabbage, respectively (Fig. 3a). Expression of the glucosinolate 
fraction on an organic sulfur basis, therefore, might be more meaningful for Brassica, in 
view of the high sulfate content. Moreover, these secondary compounds are incorporated 
into the organic fraction, which also appears to be the best parameter to express the 




The present results showed that the glucosinolates in shoot and roots of Brassica 
oleracea may represent a major proportion of the organic sulfur fraction. Whether these 
compounds play a role under conditions of sulfur and nitrogen deprivation or surplus 





Impact of atmospheric NH3 deposition on plant growth and functioning – a case 




Brassica oleracea L. (curly kale) was exposed to 0, 2, 4, 6 and 8 µl l-1 NH3 during one week and 
the impact on growth and N compounds was determined. Exposure to NH3 increased shoot 
biomass production at 2 and 4 µl l-1, but resulted in an inhibition of shoot and root growth at 6 
and 8 µl l-1. Shoot to root ratio was not affected up to 4 µl l-1, but decreased at higher levels. 
Shoot total N content was increased at all levels, mainly due to the increase in free amino acids. 
Even at atmospheric NH3 levels, at which the foliarly absorbed NH3 would cover a limited 
proportion of N requirement, there was already an enhancement of the nitrogen content of the 
shoots and roots. Apparently there was no direct regulatory control of and/or interaction 
between atmospheric and pedospheric nitrogen utilization in B. oleracea. It needs to be 







Atmospheric N deposition in Europe 
NH3 is a major air pollutant, which accounts for up to 80 % of the total N deposition in 
central Europe (Fangmeier et al., 1994; Gessler and Rennenberg, 1998; Krupa, 2003). 
Atmospheric NH3 pollution is the consequence of intensive farming activities (animal 
manure and fertilizer use), and to a lesser extent to anthropogenic sources and natural 
background emissions (Leith et al., 2002; Krupa, 2003; Pitcairn et al., 2003; Erisman 
and Schaap, 2004). High NH3 emissions and consequently, excessive N deposition will 
lead to direct phytotoxic effects, eutrophication and acidification (Stulen et al., 1998; 
Rennenberg and Gessler, 1999; Krupa, 2003). The toxic effect of NH3 has often been 
ascribed to nutrient imbalances due to cation release (Wollenweber and Raven, 1993). 
 While the impact of atmospheric N deposition on ecosystems such as heathlands (Van 
der Eerden et al., 1991; Leith et al., 2002; Sheppard and Leith, 2002) and forests 
(Högberg et al., 1998; Rennenberg and Gessler, 1999; Bassirirad, 2000) has been studied 
in detail, fewer studies have dealt with its impact on crop plants (Van der Eerden, 1982; 
Clement et al., 1997). In addition, there is hardly any data available on the contribution 
of foliar uptake of atmospheric NH3 to the plant’s N requirement for growth (Pérez-Soba 
and Van der Eerden, 1993; Stulen et al., 1998). 
 
Foliar uptake and metabolism of NH3  
The uptake of NH3 shows a diurnal variation and is dependent on the water status of the 
plant, temperature, light intensity, internal CO2 level and nutrient availability 
(Hutchinson et al., 1972; Rogers and Aneja, 1980; Van Hove et al., 1987; Husted and 
Schjoerring, 1996; Schjoerring et al., 1998). The foliar uptake of NH3 is determined by 
the stomatal conductance and the internal (mesophyll) resistance to the gas and its uptake 
via the cuticle surface can be neglected (Krupa, 2003). The internal resistance of the 
mesophyll cells appears to be the limiting factor for foliar uptake of NH3 (Hutchinson et 
al., 1972). The internal resistance to NH3 is low, since this gas is highly water-soluble 
and in addition it is rapidly converted into NH4+ in the aqueous phase of the mesophyll 
cells (Fangmeier et al., 1994). NH3 uptake takes place as long as the atmospheric level 
exceeds the internal NH4+ level (Husted and Schjoerring, 1996).  
 The NH4+ formed in the mesophyll cells may be assimilated by the glutamine 
synthetase/glutamate synthase cycle (Lea and Mifflin, 1974; Pérez-Soba et al., 1994; 
Pearson and Soares, 1998). Foliar NH3 uptake may affect plant metabolism in various 
ways and result in changes in parameters as metabolic compounds, enzyme activity, root 
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uptake and plant growth (Pérez-Soba et al., 1994; Gessler and Rennenberg, 1998; 
Pearson and Soares, 1998). Metabolic changes related to the NH3 assimilatory capacity 
of the plant generally lead to an increase in the pool of N-containing metabolites, such as 
amino acids and total N content (Van Dijk and Roelofs, 1988; Pérez-Soba et al., 1994; 
Clement et al., 1997; Gessler and Rennenberg, 1998). Visible symptoms, such as black 
spots and necrosis in the leaves, arise when NH3 uptake by the shoot exceeds the 
assimilation capacity of the plant (Van der Eerden 1982; Fangmeier et al., 1994).  
 
Results and Discussion 
 
Impact of NH3 on growth and N metabolism of Brassica oleracea  
The present case study was aimed at investigating the impact of a range of NH3 levels on 
growth and N metabolism of Brassica oleracea L. Plants were grown on a Hoagland 
nutrient solution containing 3.75 mM nitrate (for experimental details see Chapter 2). B. 
oleracea was chosen because it is an economically important crop plant with a relatively 
high RGR, and it is a suitable species because of its preference for nitrate (Pearson and 
Stewart, 1993) as well as its sensitivity to NH4+ (Britto and Kronzucker, 2002). Brassica 
species originate from saline, sulfur-rich environments and are considered to have a high 
S requirement for growth (Westerman et al., 2000). Therefore, the impact of NH3 on S 
compounds was measured as well. 
 
 
Table 1. Impact of NH3 on growth of Brassica oleracea.  
Shoot and root growth (g FW) was calculated by subtracting the final fresh weight from the 
initial fresh weight. RGR, relative growth rate (g g-1 day-1) on a plant basis, determined over a 7 
day interval. S/R, shoot to root ratio on a fresh weight basis. DMC, dry matter content (%). 
Plants (19 days old) were exposed for 7 days. Data represent the mean of 2 experiments, with 3 
measurements per experiment with 3 plants in each (±SD). Means followed by different letters 
are statistically different at p<0.01. Statistical analysis was performed by using Student’s t-test. 
(For further experimental details see Chapter 2). 
 
[NH3] 0 µl l-1 2 µl l-1 4 µl l-1 6 µl l-1 8 µl l-1 
Shoot growth 1.90±0.07a 2.04±0.04b 2.45±0.25b 1.78±0.45a 1.69±0.30a 
Root growth 0.55±0.20b 0.36±0.06b 0.48±0.08b 0.10±0.07a 0.20±0.11a 
RGR  0.20±0.01a 0.20±0.01a 0.20±0.01a 0.16±0.04ab 0.15±0.03b 
S/R 3.3±0.6a 4.2±0.3a 4.1±0.4a 5.8±1.1b 5.9±1.5b 
Shoot DMC  14.1±1.2a 14.2±1.5a 13.1±1.0a 13.0±1.2a 14.0±0.9a 
Root DMC  6.4±1.2a 6.1±0.8a 7.2±0.5a 11±0.4c 9.1±0.9b 
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 Upon NH3 exposure the shoot biomass production was slightly increased at levels up 
to 4 µl l-1, whereas it was decreased at levels ≥ 6 µl l-1 NH3. Root biomass production 
was decreased significantly at 6 and 8 µl l-1 NH3, showing that exposure of the shoot to 
NH3 had a negative effect on root growth (in the used experimental conditions, the 
formation of NH4+, by dissolution of atmospheric NH3 into the nutrient solution, was 
prevented). Relative growth rate (RGR), calculated on a plant basis was only 
significantly decreased at 8 µl l-1 NH3. Exposure to 6 and 8 µl l-1 NH3 affected root 
biomass production relatively more than shoot biomass production, resulting in a higher 
shoot to root ratio (S/R, Table 1). Shoot dry matter content (DMC) was not affected upon 
exposure to NH3, whereas root dry matter content was decreased at 6 and 8 µl l-1 NH3 
(Table 1). 
 Exposure to NH3 resulted in a substantial increase in shoot total N content at all 
atmospheric levels (Fig. 1a). This was mainly due to an increase in the soluble N fraction 
(amino acids, amides and NH4+), viz. 1.5-fold and 5.6-fold at 4 µl l-1 and at 8 µl l-1, 
respectively, compared to that of the control (0 µl l-1 NH3). Root total N content was only 
increased at 2 µl l-1 NH3 (Fig. 1a). Shoot nitrate content was increased at all NH3 levels, 
but most at 4 µl l-1. Root nitrate content was increased at 2 µl l-1, not affected at 4 µl l-1, 
and decreased at 8 µl l-1 (Fig. 1c). The free amino acid content in the shoot increased 
with increasing NH3 levels (8 % and 15 % at 4 µl l-1 and 8 µl l-1, respectively), while no 
effect was observed in the roots (Fig. 1e). 
 Shoot sulfur content was not affected by exposure to 2 µl l-1 NH3, but decreased at 
higher levels. Root total sulfur was increased at 2 to 6 µl l-1, and decreased at 8 µl l-1 
(Fig. 1b). Shoot sulfate content was increased at 2 to 4 µl l-1, and decreased at 6 and 8 µl 
l-1. Root sulfate content was increased at 2 µl l-1, not changed at 4 µl l-1, and decreased at 
6 and 8 µl l-1 (Fig. 1d). 
 The impact of atmospheric NH3 on total S and sulfate (Fig. 1b, d) can be explained by 
changes in RGR (Table 1), rather than by a direct effect of NH3 exposure on S 
compounds. Noteworthy is the relatively high sulfate content found in this species 
(Chapter 3).  
 In the shoot, the organic N/S ratio increased with increasing NH3 levels, which 
correlates well with the increase in free amino acid content. Changes in the organic N/S 
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[NH3] µl l-1  
Fig. 1. Impact of NH3 on N and S compounds in Brassica oleracea.  
Plants (19 days old) were exposed for 7 days. Shoot data is given in dark-grey bars, root data in 
light-grey bars. Data on total nitrogen, nitrate and free amino acids contents represent the mean 
of 2 experiments, with 3 measurements per experiment with 3 plants in each (±SD). Data on 
total S and sulfate content represent the mean of 3 measurements with 3 plants in each (±SD). 
The organic N/S ratio was calculated by subtracting the nitrate and sulfate contents from total 
nitrogen and sulfur contents, respectively. Different letters indicate significant differences at 
p<0.01 (Student’s t-test). For experimental details see Chapter 2. 
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Table 2. Net nitrate uptake rate by the root and foliar atmospheric NH3 uptake by Brassica 
oleracea seedlings. Net nitrate uptake rate (NNUR; µmol g-1 FW plant day-1) was measured 
according to Stuiver et al. (1997). NH3-enhanced N (µmol g-1 FW plant day-1) was calculated 
from the data on RGR and total N presented in Table 1 and Fig. 1, respectively. NH3 uptake 
(µmol g-1 FW plant day-1) was calculated as the sum of the increase in NH3-enhanced N and the 
decrease in NNUR upon exposure to NH3. Values between brackets represent the atmospheric 
NH3 uptake as a percentage of NNUR at 0 µl l-1 NH3. Means followed by different letters are 
statistically different at p<0.01. Statistical analysis was performed by using Student’s t-test. 
 
[NH3] 0 µl l-1 2 µl l-1 4 µl l-1 6 µl l-1 8 µl l-1 
NNUR 103±6b 102±8b   74±13a 70±5a      76±7a 
NH3-enhanced N  ---   28±4a 38±7a 43±6a 83±7b 
NH3 uptake --- 29(28) 67(65) 76(73) 110(106) 
 
Atmospheric NH3 – nutrient or toxin?  
The requirement for growth of an element can be defined as “the minimum rate of uptake 
and utilization, which is sufficient to obtain the maximum yield, quality and fitness”. 
Physiologically, the plant’s N requirement for growth can be expressed as the rate of N 
uptake and its assimilation per gram plant biomass produced with time. Similar to 
observations with S, the N requirement for growth is dependent on the ontogeny and 
developmental stage of the plant (De Kok et al., 2000, 2002a). In the vegetative stage 
and at optimal nutrient supply, the plant’s N requirement for growth can be estimated 
from data on relative growth rate (RGR) and plant N content as “Nrequirement = Ncontent * 
RGR” (after Williams, 1948). Based on model calculations, Stulen et al. (1998) 
estimated that in theory at an atmospheric level of 2 µl l-1 NH3, the foliar uptake might 
contribute up to 50 % to the N requirement of plants growing at a RGR of 0.2 g g-1 day-1 
(may vary between species differing in N requirement). From the current experimental 
data the foliar uptake of NH3 at the various atmospheric levels and its possible 
contribution to the plant’s N requirement could be estimated. NH3 exposure resulted in 
enrichment of the total N content of the plant (Fig. 1), which could analogue to the 
formula of William (1948) be defined as an atmospheric NH3-enhanced N and calculated 
as follows:  
 
NH3-enhanced N at [NH3] = 
{((RGR * Ncontent) at [NH3] - ((RGR * Ncontent) at 0 µl l-1 NH3)} 
 
where [NH3] represents the NH3 level plants have been exposed to. The NH3-enhanced N 
is expressed as µmol N g-1 FW plant day-1.  
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 The net nitrate uptake rate (NNUR) was decreased upon exposure to 4 to 8 µl l-1 NH3 
(Table 2). If one would assume that the observed decrease in NNUR would be due to a 
partial transfer of the plant from pedospheric nitrate to foliarly NH3 taken up as nitrogen 
source for growth, then the sum of the NH3-enhanced N and the decrease in NNUR 
(µmol N g-1 FW plant day-1) would represent the total atmospheric NH3 uptake by the 
plant. On basis of these estimations the possible contribution of the atmospheric NH3 
uptake by the foliage at 2, 4, 6 and 8 µl l-1 NH3 could have accounted for 28, 65, 73 and 
106 % of the plant’s N requirement, respectively. However, from the observations that 
there was already an enrichment in the total N content upon exposure to a level as low as 
2 µl l-1 NH3 one may conclude that at a sufficient nitrate supply to the roots either the 
foliarly absorbed NH3 was hardly utilized for structural growth or there was a poor shoot 
to root signaling in tuning the rate of metabolism of the absorbed reduced nitrogen in the 
shoot to the nitrate uptake by the root. This is in contrast with observations upon 
exposure of B. oleracea for instance to the sulfurous air pollutant H2S, where there was a 
strong interaction between the rate of uptake and metabolism of H2S in the shoot and the 
uptake of sulfate by the roots (Westerman et al., 2000). This might be explained by 
differences in the factors determining the internal resistance to NH3 and H2S. In contrast 
to NH3, where the internal resistance is determined by its high solubility and dissociation 
in the aqueous phase of the mesophyll cells, that of H2S is largely determined by its rate 




The present results demonstrated that at atmospheric levels up to 4 µl l-1, NH3 appeared 
not to be toxic to B. oleracea. Higher NH3 levels had a negative effect on growth, likely 
due the negative effect of high intracellular NH4+ levels, or possible formed metabolites 
during cellular metabolism. The current NH3 levels in field conditions range from 0.03 
µl l-1 to 1.2 µl l-1, the latter as a peak level (Stulen et al., 1998). It is unlikely that these 
levels would negatively affect growth of B. oleracea under field conditions. This is in 
agreement with the observations of Van der Eerden (1982), who exposed various plant 
species, including B. oleracea, to 0.8-1.4 µl l-1 NH3 and found no differences in growth. 
Apparently B. oleracea is able to cope with even higher levels of NH3, most likely 
because of its higher nitrogen requirement and high RGR.  
 It remains to be questioned to what extent foliarly absorbed NH3 is used as nitrogen 
source for growth, if the nitrogen supply to the roots is sufficientor insufficient. Even at 
atmospheric NH3 levels (e.g. 2 µl l-1), which only would cover a limited proportion of the 
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N requirement if used as nitrogen source, there was an enhancement of the nitrogen 
content of the shoots and roots. Apparently there was no direct regulatory control of 

























Changes in growth and nutrient uptake in Brassica oleracea L. exposed to 




Plant shoots form a sink for NH3 and are able to utilize it as N source. NH3 was used as a tool to 
investigate the interaction between foliar N uptake and root N uptake. To what extent NH3 can 
contribute to the N budget of the plant or can be regarded as a toxin, was investigated in relation 
to its concentration and the N supply in the root environment. Brassica oleracea L. was exposed 
to 0, 4 and 8 µl l-1 NH3, with and without nitrate in the nutrient solution. Growth, N compounds, 
nitrate uptake rate, soluble sugars and cations were measured. In nitrate-sufficient plants, 
biomass production was not affected at 4 µl l-1 NH3, but reduced at 8 µl l-1 NH3. In nitrate-
deprived plants, shoot biomass was increased at both concentrations, but root biomass decreased 
at 8 µl l-1 NH3. The measured nitrate uptake rates agreed well with the plant’s N requirement for 
growth. In nitrate-sufficient plants, nitrate uptake at 4 and 8 µl l-1 NH3 was reduced by 50 and 66 
%, respectively. The present data do not support the hypothesis that NH3 toxicity is caused by a 
shortage of sugars or a lack of capacity to detoxify NH3. It is unlikely that amino acids, 
translocated from the shoot to root, are the signal metabolites involved in the down regulation of 
nitrate uptake, since no relation was found between changes in nitrate uptake and root soluble N 






Roots of higher plants are able to take up inorganic N ions, as nitrate and/or ammonium 
from the soil (Peuke et al., 1998a,b; Britto et al., 2001; Glass et al., 2002). In addition, 
plant shoots can also take up NH3 from the atmosphere. The foliar uptake of NH3 is 
determined by the diffusive conductance of the stomata, since the internal (mesophyll) 
resistance to this gas is low due to its high solubility and rapid dissociation into NH4+ in 
the water phase of the mesophyll cells (Hutchinson et al., 1972; Fangmeier et al., 1994). 
The foliar uptake of NH3 shows diurnal variation and is dependent on water status, 
temperature, light intensity, internal CO2 concentration, nutrient availability, ontogeny 
and developmental stage of the plant (Hutchinson et al., 1972; Rogers and Aneja, 1980; 
Husted and Schjoerring, 1996; Schjoerring et al., 1998). 
 The foliarly absorbed NH3 may be metabolized by the glutamine synthetase/glutamate 
synthase cycle (Lea and Miflin, 1974; Pérez-Soba et al., 1994, Pearson and Soares, 
1998) and NH3 exposure may result in an increase in total N content and N-containing 
metabolites (Van Dijk and Roelofs, 1988; Pérez-Soba and Van der Eerden, 1993; 
Clement et al., 1997; Gessler et al., 1998, Barker, 1999) and changes in glutamine 
synthetase (GS) and nitrate reductase (NR) (Pérez-Soba et al., 1994; Pearson and Soares, 
1998). NH3 is potentially phytotoxic and high atmospheric levels may negatively affect 
growth and alter the shoot to root ratio (Van der Eerden and Pérez-Soba, 1992; Pérez-
Soba et al., 1994). NH3 toxicity has been related to a shortage of soluble sugars, a lack of 
capacity to detoxify NH3, nutrient imbalances due to cation release (Fangmeier et al., 
1994; Krupa, 2003) and effects on acid-base balance (Yin and Raven, 1997). There is 
little information on interactions between foliar uptake of atmospheric NH3 and N uptake 
by the roots. Pérez-Soba and Van der Eerden (1993) concluded from experiments with 
Pinus sylvestris exposed to 0.075 µl l-1 NH3 that 90 % of the increase in needle N was 
derived from the atmospheric N source, and that root N uptake was reduced. Clement et 
al. (1997) exposed winter wheat (Triticum aestivum L.) to 1 and 2 µl l-1 NH3 and found a 
reduction in nitrate uptake rate of 8.0 and 13.8 % respectively. Gessler et al. (1998), 
using concentrations of 0.05 µl l-1 NH3, on seedlings of beech (Fagus sylvatica L.), 
described a reduction of 35 % in nitrate uptake rate by the roots. 
 It needs to be established to what extent the foliar uptake of atmospheric NH3 may 
contribute to the plant’s N requirement for growth and whether NH3 exposure affects N 
uptake by the root. To our knowledge, no experimental studies are available in which the 
impact of atmospheric NH3 concentrations on net nitrate root uptake was actually 
measured in relation to changes in plant growth. The aim of the present study was 
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threefold. Firstly, the impact of atmospheric NH3 on root net nitrate uptake rate of 
Brassica oleracea was assessed. B. oleracea was chosen as a suitable species because of 
its high RGR, its preference for nitrate (Pearson and Stewart, 1993) as well as its 
tendency towards sensitivity to NH4+ as a member of the Brassicaceae (Britto and 
Kronzucker, 2002). The experiments were carried out at two atmospheric NH3 
concentrations (4 and 8 µl l-1), based on preliminary experiments with a range of 
concentrations which showed that growth of B. oleracea was not affected at 4 µl l-1 NH3, 
but reduced at 8 µl l-1 NH3 (Chapter 5; Castro et al., 2006a). In nitrate uptake 
experiments the effects of 4 and 8 µl l-1 NH3 on biomass production, relative growth rate, 
dry matter partitioning, nitrogenous compounds and nitrate reductase activity were 
measured simultaneously. Since changes in nitrate uptake rate can be caused by changes 
in RGR of the plant (Ter Steege et al., 1998) the effect on sulfate uptake was also 
measured, in order to be able to distinguish between direct NH3- and growth-related 
effects. In order to establish whether the measured nitrate uptake rates were of 
physiological significance, nitrate uptake rates were compared with the plant’s N 
requirement for growth, calculated from the RGR and the plant’s nitrogen content. The 
second aim was to investigate to what extent atmospheric NH3 can contribute to the N 
requirement of the plant, in the absence of nitrate in the root environment. Thirdly, the 
effect of both NH3 concentrations on soluble sugars, N compounds and cations was 





NH3 exposure and plant growth 
The effect of NH3 on biomass production depended on the atmospheric concentration, 
and differed between nitrate-sufficient and nitrate-deprived plants (Table 1). Exposure of 
nitrate-sufficient plants to 4 µl l-1 NH3 had no effect on shoot and root biomass 
production (and RGR) of the nitrate-sufficient plants. However, both shoot and root 
biomass production (and RGR) of nitrate-sufficient plants was significantly reduced at 8 
µl l-1 NH3. Exposure of nitrate-deprived plants to 4 and 8 µl l-1 NH3 resulted in a 
significantly higher shoot biomass production (and RGR of the plants), however, it was 
lower than that of nitrate-sufficient plants (at 0 µl l-1 NH3). The effects of NH3 on root 
biomass differed from those found for the shoot. A concentration of 4 µl l-1 NH3 had no 
effect on root biomass, while exposure to 8 µl l-1 NH3 resulted in a significantly lower 
root biomass production of nitrate-sufficient as well as nitrate-deprived plants.  
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 Shoot dry matter content (DMC) increased with increasing NH3 concentration in 
nitrate-sufficient plants, but decreased in nitrate-deprived plants (Table 1). In the control 
plants shoot DMC of the nitrate-deprived plants was much higher than that of the nitrate-
sufficient plants. Root DMC was overall significantly lower than the shoot DMC and not 
affected by NH3 exposure and nitrate nutrition. 
 Increasing NH3 concentrations significantly increased the shoot to root ratio (S/R) of 
nitrate-sufficient plants (Table 1), due to a relatively higher shoot biomass production 
and lower root biomass production. The same effect on S/R was found for nitrate-
deprived plants, though the absolute values were lower in comparison to nitrate-
sufficient plants. 
 
Table 1. The impact of NH3 exposure and nitrate nutrition on growth of Brassica oleracea.  
Plants were exposed to NH3 for 1 week. Shoot (Biomass S) and root biomass production 
(Biomass R) were calculated by subtracting the final weight from the initial weight and 
expressed on a fresh weight basis (g FW); Dry matter content of the shoot (DMC S) and of the 
root (DMC R) (% of fresh weight); S/R, shoot to root ratio calculated on a fresh weight basis; 
RGR, relative growth rate, calculated over a week period on a plant basis (S+R, g g-1 plant day-
1). Data represent the mean of 2 experiments, with 3 measurements per experiment with 3 plants 
in each (±SD). Values followed by different letters are statistically different at p<0.01 (Student’s 
t-test). 
 
 0 µl l-1 NH3 4 µl l-1 NH3 8 µl l-1 NH3 
 + NO3- - NO3- + NO3- - NO3- + NO3- - NO3- 
Biomass (S) 1.51±0.15c 0.55±0.09a 1.56±0.31c 1.04±0.15b 1.07±0.34b 0.95±0.14b 
Biomass 
(R) 
0.49±0.05b 0.41±0.07b 0.32±0.09b 0.46±0.14b 0.18±0.06a 0.20±0.04a 
DMC (S) 9.6±0.9a 17.2±0.4c 10.4±0.6a 12.8±0.9b 12.6±0.7b 13.9±1.6b 
DMC (R) 6.3±0.7a 6.3±0.5a 6.7±0.9a 6.4±0.8a 6.0±0.6a 6.5±0.6a 
S/R 3.4±0.4b 1.4±0.3a 4.1±0.6b 1.7±0.5a 6.3±0.9c 5.4±0.5c 
RGR (S+R) 0.21 0.11 0.22 0.16 0.15 0.14 
 
 
NH3 exposure and total N, nitrate and free amino acid content 
NH3 exposure resulted in a clear increase in shoot N content, in particular the soluble N 
fraction, in both nitrate-sufficient and nitrate-deprived plants, but did not affect nitrate 
content in either of the NH3 treatments (Fig. 1a). In all treatments, root N content was 
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significantly lower than that of the shoot (Fig. 1a,b). Root N content of the nitrate-
deprived plants exposed to 8 µl l-1 NH3 was significantly lower than at 0 and 4 µl l-1.
 




















































































Fig. 1. The impact of NH3 exposure on nitrate, soluble and insoluble nitrogen content of the 
shoot (a) and the root (b) and on the free amino acid content of the shoot of Brassica oleracea 
(c). Plants were exposed to 0, 4, 8 µl l-1 NH3 for 1 week. Nitrate sufficient- and nitrate-deprived 
treatments are given in dark and light-grey bars, respectively. The various N compounds are 
given within each bar, from top to bottom. Data represent the mean of 2 experiments, with 3 
measurements per experiment with 3 plants in each. Standard deviations and statistics treatment 






Compared to the control plants, exposure to 4 µl l-1 NH3 resulted in a 1.6-fold increase in 
free amino acids in the shoot (Fig. 1c). At 8 µl l-1 NH3, an 18.5-fold increase was found 
for the nitrate-sufficient plants, and a 17-fold increase for the nitrate-deprived plants 
(Fig. 1c). Hence, the main effect of NH3 exposure on N compounds is a considerable 
increase in the free amino acid content. 
 
NH3 exposure and nitrate reductase activity  
Nitrate reductase activity (NRA) was measured by both in vivo (Fig. 2a) and in vitro 
assays (Fig. 2b,c). NH3 exposure had no significant effect on in vivo NRA in the shoot of 
nitrate-sufficient plants, but lead to a significant increase at 8 µl l-1 in the nitrate-deprived 
plants, although the values were very low (Fig. 2a). NH3 exposure significantly 
decreased in vitro NRA, expressed on a fresh weight basis (Fig. 2b). When the in vitro 
NRA was expressed on a soluble protein basis, however, the effect of NH3 was no longer 
significant (Fig. 2c), showing that the effect of NH3 on in vitro NRA activity was mainly 
the result of changes in protein content of the extracts. The value found with the in vivo 
assay for the control, calculated on a 24-h basis, (96 µmol g-1 FW day1) was in the same 
range as the calculated N requirement (70 µmol g-1 FW day1). A similar finding was 
observed for Plantago in vivo and it is a better estimate of the actual nitrate reduction 
than in vitro Stulen et al. (1981b). 
 
NH3 exposure and nitrate and sulfate uptake rate 
Long-term net nitrate uptake rate, measured over a 7-day period, decreased upon NH3 
exposure (Fig. 3a). The uptake rates at 4 and 8 µl l-1 NH3 were decreased by 50 and 66 
%, respectively, of the control value (0 µl l-1 NH3). Short-term net nitrate uptake rate, 
measured with 15N-KNO3 over a 2-hour period, showed a similar effect of NH3 (Fig. 4), 
although the absolute values were lower than those of the long-term measurements. The 
values at 4 and 8 µl l-1 NH3 were decreased by 48 and 80 % of the control value, 
respectively. 
 Net sulfate uptake rate at 0 and at 4 µl l-1 NH3 did not differ. Exposure to 8 µl l-1 NH3 
resulted in a significant 1.7- fold decrease (Fig. 3b). 
 In order to establish whether the measured uptake rates were of physiological 
significance, the nitrate uptake rate needed to cover the plant's nitrogen requirement on a 
whole plant basis, and was estimated on the basis of RGR times the plant’s N content, 
for the nitrate-sufficient plants. The estimated nitrogen requirement was 70 µmol g-1 FW 
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Fig. 2. The impact of NH3 exposure on in vivo (a) and in vitro (b,c) nitrate reductase activity 
(NRA) in the shoot of Brassica oleracea. Plants were exposed to 0, 4, 8 µl l-1 NH3 for 1 week. 
In vivo NRA was determined in the shoot (a). Nitrate-sufficient and nitrate-deprived treatments 
are given in dark- and light-grey bars, respectively. In vitro NRA (b,c) was expressed on a fresh 
weight (b) and a soluble protein (c) basis. For in vivo NRA measurements, data represent the 
mean of 2 experiments, with 3 measurements per experiment with 3 plants in each (± SD); for in 
vitro NRA measurements data represent the mean of 3 measurements with 3 plants in each (± 




































































Fig. 3. The impact of NH3 exposure on net nitrate (a) and net sulfate (b) uptake rate. Nitrate-
sufficient plants were exposed to 0, 4, 8 µl l-1 NH3 for 1 week. Fig. 3a represents data on long-
term nitrate uptake rate measurement over a week period and expressed as µmol g-1 FW plant 
day-1. Fig. 3b the long term sulfate uptake, over a week period, as µmol g-1 FW day-1 (for 
experimental details see Chapter 2). Data represent the mean of 2 experiments, with 3 
measurements per experiment, with 3 plants in each (± SD). Different letters indicate significant 
differences at p<0.01.  
 
 
NH3 exposure and total sulfur content 
In nitrate-sufficient plants, shoot total S content decreased at 4 and 8 µl l-1 NH3 (Fig. 5a). 
Root total S content was unaffected upon NH3 exposure, for both nitrate treatments (Fig. 
5b). 
 
NH3 exposure and soluble sugar content 
In nitrate-sufficient plants shoot soluble sugar content was unaffected by NH3 exposure 
(Fig. 6a). In nitrate-deprived plants an accumulation of soluble sugars was found at 0 µl  
l-1 NH3. In the roots of nitrate-deprived plants a significant decrease at 8 µl l-1 NH3 was 




































Fig. 4. The impact of NH3 exposure on the short-term 15NO3--net nitrate uptake rate 
measurement, over 2-hour period (µmol g-1 FW plant day-1). Data represents the mean of 3 
measurements, with 3 plants in each (± SD). Different letters indicate significant differences at 


















































Fig. 5. The impact of NH3 exposure on total sulfur content in the shoot (a) and in the roots (b). 
Plants were exposed to 0, 4, 8 µl l-1 NH3 for 1 week. Nitrate-sufficient and nitrate-deprived 
treatments are given in dark- and light-grey bars, respectively. Data represent the mean of 2 
experiments, with 3 measurements per experiment with 3 plants in each (±SD). Different letters 
























































Fig. 6. The impact of NH3 exposure on the soluble sugar content in shoot (a) and roots (b). 
Plants were exposed to 0, 4, 8 µl l-1 NH3 for 1 week. Nitrate-sufficient and nitrate-deprived 
treatments are given in dark and light-grey bars, respectively. Data represent the mean of 2 
experiments, with 3 measurements per experiment with 3 plants in each (± SD). Different letters 
indicate significant differences at p<0.01 (Student’s t-test). 
 
 
NH3 exposure and cation content 
In nitrate-sufficient plants a decrease in shoot K+ content was only found at 4  µl l-1 NH3 
(Fig. 7a). The effect of atmospheric NH3 on shoot K+ content was more pronounced in 
nitrate-deprived plants, where a gradual decrease from 0 to 8 µl l-1 NH3 was found (Fig. 
7a). In the roots the only significant effect of NH3 on K+ content was found at 4 µl l-1 
NH3 in nitrate-deprived plants (Fig. 7b). Shoot nor root Na+ content were significantly 
affected by exposure to NH3 (Fig. 7c,d) in either of the nitrate treatments.  
Exposure to NH3 had a more drastic effect on the content of divalent cations, Ca2+ and 
Mg2+, especially in the shoot (Fig. 7e,g). Exposure to 4 and 8 µl l-1 NH3 of the nitrate-
























































































































[NH3] µ l l-1  
Fig. 7. The impact of NH3 exposure on cation content in the shoot (a,c,e,g) and in the roots 
(b,d,f,h). Plants were exposed to 0, 4, 8 µl l-1 NH3 for 1 week. Nitrate-sufficient and nitrate-
deprived treatments are given in dark and light-grey bars, respectively. Data represent the mean 
of 3 measurements with 3 plants in each (± SD). Different letters indicate significant differences 
at p<0.01 (Student’s t-test). 
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 In the shoot of nitrate-deprived plants exposed to 4 µl l-1 NH3 a significant decrease of 
22 and 40 % for Ca2+ and Mg2+ contents, respectively, compared to the control plants 
was found. At 8 µl l-1 NH3 the decrease in Ca2+ and Mg2+ content was 57 and 53 %, 
respectively. Root Ca2+ content showed a significant decrease at 8 µl l-1 NH3 in both 
nitrate treatments, but the decrease was less than observed for the shoot (Fig. 7f). For 
root Mg2+ content significant differences were found between nitrate-sufficient and 




To what extent does NH3 exposure affect plant growth? 
Previous experiments with B. oleracea exposed to 0, 2, 4, 6 and 8 µl l-1 NH3 (Chapter 5, 
Castro et al., 2006) and the present results (Table 1) revealed that B. oleracea can use 
atmospheric NH3 for growth up to a concentration of 4 µl l-1 NH3. Higher NH3 
concentrations are toxic because biomass production, especially of the roots, is reduced. 
Even though the NH3 concentrations used in this study were much higher than generally 
found in polluted areas (Fangmeier et al., 1994; Stulen et al., 1998; Krupa, 2003), B. 
oleracea apparently can use an NH3 concentration of 4 µl l-1 as a nutrient (Table 1). 
Since at 8 µl l-1 NH3 shoot as well as root biomass production was severely impaired both 
in the presence and absence of nitrate in the nutrient solution, the present results with B. 
oleracea do not support the concept of nitrate-ammonium synergism, in which the 
toxicity of NH4+ may be alleviated by a simultaneous supply of nitrate (Britto and 
Kronzucker, 2002). At 8 µl l-1 NH3 a significant increase in S/R ratio was found, which 
is in agreement with other data (Table 1; Van der Eerden, 1982; Van der Eerden and 
Pérez-Soba, 1992; Pérez-Soba et al., 1994). Since the experimental set-up of the present 
experiments prevented formation of NH4+ in the nutrient solution, the negative effect on 
root biomass production must have been mediated by a signal from the shoot as a result 
of the foliar uptake of atmospheric NH3.  
 
What is the impact of NH3 exposure at a metabolic level? 
One of the best-documented effects of the foliar uptake of atmospheric NH3 on 
metabolism is the increase in total N and N-containing metabolites, such as amino acids 
(Van der Eerden, 1982; Van Dijk and Roelofs, 1988; Fangmeier et al., 1994; Pérez-Soba 
et al., 1994; Clement et al., 1997; Gessler et al., 1998). The present results showed that 
the increase in the total N content was mainly due to an increase in the soluble N fraction 
(Fig. 1a). At 8 µl l-1 NH3 B. oleracea was still able to detoxify atmospheric NH3 as 
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shown by the dramatic increase in the free amino acid content in the shoot (Fig. 1c), 
which most likely is the effect of the reduction in growth at this concentration.  
 In the experiments of Pearson and Soares (1998) with bean (Phaseolus vulgaris L.), 
exposed to 4.7 µl l-1 NH3 for one hour, a significant decrease in in vivo leaf NRA was 
found. Amino acids, as end products of NH3 assimilation, have been suggested as 
inhibiting the enzyme (Pearson and Stewart, 1993). Our experiments, in which plants 
were exposed for 1 week, showed that 4 µl l-1 NH3 had no effect on in vivo NRA in the 
shoot. Only at 8 µl l-1 a reduction in in vivo NRA was found (Fig. 2a). This effect cannot 
be ascribed to a change in nitrate concentration, since the nitrate pool was unaffected 
upon exposure to NH3 (Fig. 1a). Changes in in vivo NRA may be caused by changes in 
the amount of functional enzyme, and/or the endogenous supply of NADH to the enzyme 
(De Kok et al., 1986). There was only a slight effect of 8 µl l-1 NH3 on in vitro NRA 
(Fig. 2b,c), therefore it was unlikely that the effect on in vivo NRA was primarily due to 
a change in amount of enzyme. Apparently, at 8 µl l-1 NH3 the decrease in in vivo NRA 
might be due to a change in endogenous NADH supply (De Kok et al., 1986) and/or via 
modulation of the catalytic activity of the existing NR protein (Kaiser et al., 1992) 
 
To what extent does NH3 exposure affect nitrate uptake by the root? 
In the present experiments nitrate uptake rate on a plant basis was measured in two ways, 
in a long-term experiment, in which nitrate depletion from the solution was measured 
over a 7-day period, and in a short-term experiment, over a 2-hour period. Comparison 
of the measured uptake rates of the nitrate-sufficient control plants (0 µl l-1 NH3, Fig. 3a) 
with the N requirement for growth (N flux; RGR times the plant’s nitrogen content, De 
Kok et al., 2000, 2002a) showed that long-term uptake rate corresponded with the N 
requirement for growth, and can therefore be considered as physiologically relevant. The 
uptake rate in the short-term experiment (Fig. 4) was lower than the N requirement for 
growth. The difference may be caused by differences in uptake rate during the day 
and/or night. Exposure to 4 and 8 µl l-1 NH3 resulted in a reduction of nitrate uptake rate 
(long-term uptake experiment) of 50 and 66 %, respectively. A similar trend was found 
in the short-term uptake experiment. 
 At nitrate-sufficient conditions, 4 µl l-1 NH3 had no effect on sulfate uptake rate, but 
decreased nitrate uptake rate, so that the effect of NH3 can be considered direct, and not 
mediated through changes in growth. A significant decrease in sulfate uptake rate (Fig. 
4) and a concomitant decrease in total S content (Fig. 5a,b) were only found at the toxic 
concentration of 8 µl l-1 NH3, when RGR was decreased. The effect of NH3 on nitrate 
and sulfate uptake rate at this concentration, therefore, can be considered to be indirect, 
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and growth-related. This is in accordance with the observation that changes in nitrate 
uptake rate are driven by changes in RGR of the plant (Ter Steege et al., 1998). 
 Exact comparison between the present data and literature data is difficult, because of 
differences in growth conditions, which may have resulted in differences in RGR, 
different atmospheric NH3 concentrations and exposure times. Clement et al. (1997) 
exposed winter wheat (Triticum aestivum L.) to 1 and 2 µl l-1 NH3, for one week, and 
found a reduction of nitrate uptake rate of 8 and 13.8 % respectively, at relatively low 
light conditions. These plants had a rather low RGR (0.08 g g-1 day-1). Gessler et al. 
(1998) exposed seedlings of beech (Fagus sylvatica L.) to 0.05 µl l-1 NH3, and found a 
reduction of 35 % in cumulative root nitrate uptake over the last 24 h of the exposure. In 
these experiments, no data was presented on RGR or physiological relevance of the 
measured uptake rates.  
 The mechanisms underlying the regulation of nitrate uptake by the roots as well as the 
signal metabolites involved were dealt with in detail by Imsande and Touraine (1994) 
and Touraine (2004). Phloem-translocated amino acids acting as a regulatory signal 
between shoot and root appear to be the explanation for a down-regulation of nitrate 
uptake, under steady-state conditions, at a whole plant level (Muller and Touraine, 1992; 
Imsande and Touraine, 1994; Gessler et al., 1998). The present data, however, showed 
no relation between the effect of NH3 on nitrate uptake rate and total root soluble N 
content (amino acids and amides). Although shoot soluble N content and free amino acid 
content were increased at both NH3 concentrations, in the root no significant changes in 
soluble N content were found. However, a change in a specific amino acid cannot be 
ruled out. 
 
To what extent can atmospheric NH3 contribute to the plant’s N requirement for growth? 
From theoretical calculations with spinach, which contained an organic N content of 250 
µmol g-1 plant fresh weight and had a S/R ratio of 3.4, it was estimated that an 
atmospheric NH3 concentration of 2 µl l-1 might be sufficient for the N requirement of a 
plant with a RGR of 0.05 g g-1 day, and might contribute to 50 % of the total N 
requirement at a RGR of 0.2 g g-1 day (Stulen et al., 1998). In a series of experiments in 
which sunflower plants were grown in the absence of N in the root environment, plants 
were able to grow on 2 µl l-1 NH3 as a sole N source (Faller, 1972). 
 From estimations based on previous data (see Chapter 5, Castro et al., 2006) and the 
present data it is obvious that at 4 µl l-1 NH3 the foliar N uptake might contribute up to 
65-70 % of the total N requirement of B. oleracea. From the data on nitrate-deprived 
plants it was evident that at 4 and 8 µl l-1 NH3 indeed was utilized as a N source for 
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growth, however, plant biomass production was less than that of plants at nitrate-
sufficient conditions. Furthermore, it was observed that in nitrate-sufficient plants the 
toxic effects of NH3 started to prevail at > 4 µl l-1. Apparently, there was no clear-cut 
transition in the level and rate of metabolism of the foliar absorbed NH3 and the 
phytotoxicity upon exposure at 4 and 8 µl l-1. 
 
Is NH3 toxicity related to a lack of detoxification capacity or a lack of carbohydrates? 
A lack of detoxification capacity, occurring when uptake exceeds the capacity to 
assimilate NH4+ via the GS/GOGAT pathway, and a lack of carbon skeletons for the 
formation of organic N compounds, are considered as primary causes of NH3 toxicity 
(Van der Eerden, 1982; Fangmeier et al., 1994; Krupa, 2003). The present data do not 
support these hypotheses. At 8 µl l-1 NH3, considered a toxic concentration, the organic 
N content was higher than in plants exposed to the non-toxic concentration of 4 µl l-1 
NH3 (Fig. 1), which shows that assimilation into N-compounds was still possible at 8 µl 
l-1 NH3. It is therefore highly unlikely that the toxic effect of 8 µl l-1 NH3 can be 
explained by a lack of capacity to assimilate NH4+ formed in the mesophyll upon 
exposure to atmospheric NH3.  
 Exposure to NH3 did not decrease shoot soluble sugar content at any concentration 
(Fig. 6). The 2-fold higher soluble sugar content in nitrate-deprived compared to the 
nitrate-sufficient plants at 0 µl l-1 NH3 disappeared upon exposure to 4 and 8 µl l-1 NH3. 
This can be explained by the fact that the accumulated soluble sugars in the nitrate-
deficient plants were used as C-acceptors for NH4+ and structural growth in the presence 
of an atmospheric N source. This conclusion is corroborated by the changes in DMC 
(Table 1). The present experiments, therefore, do not support the hypothesis that NH3 
toxicity is related to a lack of availability of carbon skeletons. This conclusion is 
corroborated by findings from other authors. In a similar experimental set-up as the 
present one, the impact of 1 and 2 µl l-1 NH3 on shoot soluble sugar and starch contents 
in winter wheat was investigated by Clement et al. (1997). Soluble sugar content was not 
significantly affected by NH3, while plants exposed to 1 µl l-1 NH3 even had a slightly 
higher starch content. In a different experimental set-up in which NO3- and NH4+ 
containing solutions (20 mM) were applied to the foliage of Ricinus communis, grown 
without NO3- in the pedosphere, Peuke et al. (1998a) found that the flow of C in the 
whole plant as well as the increment of C in different plant organs were similar for both 
foliar N-treatments. Similar results were found for plants grown on NH4+ in the nutrient 
solution. Lang and Kaiser (1994) showed that sugar levels in NH4+-grown barley plants 
were unchanged, or even increased, and concluded that the observed growth impairment 
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was not related to impaired carbohydrate supply. Walch-Liu et al. (2001) concluded 
from experiments in which the effects of NO3- and NH4+ on tobacco were investigated 
that inhibitory effects on shoot and root growth could not be related to limitations in the 
N or C status of the plants, or to NH4+ toxicity. 
 
Are changes in cations related to NH3 toxicity? 
It is generally stated that atmospheric NH3 may lead to a release of inorganic cations as 
K+, Ca2+ or Mg2+, leading to nutrient imbalances (Van der Eerden and Pérez-Soba, 1992; 
Wollenweber and Raven, 1993; Fangmeier et al., 1994; Pérez-Soba et al., 1994; Britto 
and Kronzucker, 2002). Experimental data differ between a change and no effect, and 
accordingly, caution should be taken in making comparisons between results since NH3 
concentrations and exposure times are rather different.  
 The present data showed hardly any changes in K+ content. Under nitrate-sufficient 
conditions, a decrease in shoot K+ content was observed when NH3 acted as a nutrient (4 
µl l-1), but no change in K+ content when NH3 was toxic (8 µl l-1, Fig. 7). In contrast, 
Wollenweber and Raven (1993) stated that the increase in K+ content was the most 
striking effect in Lolium perenne, exposed to 0.4 - 1.8 µl l-1 NH3.  
 The effect of NH3 exposure on the divalent cations was more pronounced. Ca2+ and 
Mg2+ contents of both shoot and roots were decreased by NH3, independent of the nitrate 
supply (Fig. 7). Van Dijk and Roelofs (1988) and Van der Eerden and Pérez-Soba (1992) 
observed shifts in the N/K, N/Ca and N/Mg ratios but no decrease in K+, Ca2+, Mg2+ 
content, in needles of P. sylvestris, after exposure to 0.08-0.4 µl l-1 NH3 for 3 months. In 
the experiments of Peuke et al. (1998b), in which Ricinus communis plants were sprayed 
with NO3- and NH4+ solutions (20 mM), a strong decrease in Mg2+ in NH4+-sprayed 
plants compared to the NO3--sprayed plants was observed. Lang and Kaiser (1994) also 
found a drastic decrease (90 %) in Mg+ content of roots of barley cultivated on NH4+ in 
the nutrient solution. The decrease in Mg+ content, however, was not sufficient to impair 
the energy status as the ATP and carbohydrate concentrations. In the present experiments 
the effect of NH3 on Mg2+ contents was much less, and did not differ much between 
plants exposed to a non-toxic (4 µl l-1) or a toxic (8 µl l-1) concentration. It is therefore 
highly unlikely that in the present experiments cation imbalances are the cause of the 
toxic effect of NH3. 
 
Concluding remarks 
From the results presented in this paper it is evident that atmospheric NH3 can act as 
nutrient, since it may contribute considerably to the total N requirement of B. oleracea, 
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at high levels, and in the absence of nitrogen in the nutrient solution. The concentration 
at which NH3 changes from being a nutrient to a toxin is not clear-cut, since NH3 can 
still be metabolized when growth is already affected. The physiological basis of the 











Seedlings of Brassica oleracea were exposed to 4 µl l-1 NH3, in the absence and presence of 
nitrate and sulfate in the root environment. With this experimental set-up, the plant’s internal N 
status can be changed independently of the external nitrate concentration around the root. 
Growth, morphological parameters of the root system and nitrate uptake were measured. In the 
absence of an atmospheric N source, nitrate as well as sulfate deprivation led to an increase in 
total root length but did not affect root surface area, volume or average diameter. NH3 exposure 
in combination with sulfate deprivation resulted in a less branched and thinner root system. NH3 
exposure, which affects the internal N status of the plant, counterbalanced the effect of nitrate 
deprivation. This led to the conclusion that the N status of the plant might be important in 
controlling root length of B. oleracea. Nitrate uptake was expressed on a weight basis and a root 







The morphology and architecture of the root system play a determinant role in nutrient 
uptake and in an efficient exploitation of the soil volume (Drew and Saker, 1975; 
Hutchings and De Kroon, 1994; Linkohr et al., 2002; Rubinigg et al., 2004; Kamh et al., 
2005). Changes in the morphology of the root system are essentially adaptive responses. 
They can be direct, as localized responses due to changes in the external nutrient 
concentration, or indirect, as systemic responses resulting from changes in the plant’s 
internal nutrient status, or a combination of both (Drew and Saker, 1975; Zhang and 
Forde, 1998; Zhang et al., 1999, Forde and Lorenzo, 2001; Linkohr et al., 2002).  
A localized supply of nitrate resulted in a proliferation of lateral roots in the nitrate-
rich patches, which constitutes a good example of the root plasticity and root ability for 
foraging (Drew and Saker, 1975; Zhang and Forde, 1998; Zhang et al., 1999; Linkohr et 
al., 2002). When nitrate was supplied homogeneously, inhibition of the primary root 
elongation together with a proliferation of lateral roots was found, while the opposite 
was found when roots were deprived of nitrate (Drew and Saker, 1975; Zhang and 
Forde, 1998; Zhang et al., 1999; Forde and Lorenzo, 2001; Linkohr et al., 2002; López-
Bucio et al., 2003; Kamh et al., 2005). In Arabidopsis thaliana sulfate starvation led to 
root elongation and the development of lateral roots closer to the root tip, resulting in a 
more branched root system (Kutz et al., 2002). However, data on the effect of sulfate 
supply on root development is scarce (Hell and Hillebrand, 2001; Kutz et al., 2002; 
López-Bucio et al., 2003). 
Castro et al. (2006b) showed that atmospheric NH3 could partially replace nitrate as N 
source for growth of B. oleracea, when roots were deprived of nitrate (Chapter 6). 
Moreover, in the presence of both N sources, atmospheric NH3 and nitrate, a decrease in 
net nitrate uptake was found. 
The aim of this study was to investigate the effect of a reduced atmospheric N source 
on growth and morphology of the root system, in the absence and presence of nitrate in 
the root environment. With this experimental set-up, it is possible to change the plant’s 
internal N status, independent of changes in the external nutrient concentration around 
the root, and assess the effects on root morphology in relation to possible internal and 
external signals. The effects of sulfate deprivation on root growth and morphology were 
investigated in parallel. In addition, the effect of changes in root morphology on nitrate 







In the absence of an atmospheric N source (0 µl l-1 NH3), shoot biomass production of 
nitrate-deprived plants (-N+S) was 5-fold less than that of nutrient-sufficient plants 
(+N+S), while sulfate deprivation (+N-S) had not yet an effect on shoot biomass 
production (Table 1). Root biomass production was affected by nitrate as well as sulfate 
deprivation (Table 1). In nitrate-deprived plants, the shoot to root ratio was 2.4-fold 
decreased, while in sulfate-deprived plants the shoot to root ratio was less decreased 
(1.4-fold) (Table 1). 
Upon exposure to NH3, shoot biomass production of nitrate-deprived plants was the 
same as that of nitrate-sufficient plants, which were not exposed to NH3 (Table 1). In 
sulfate-deprived plants exposed to NH3, shoot biomass production was 1.6-fold less than 
that of unexposed sulfate-deprived plants (Table 1). In plants exposed to NH3, root 
biomass production of nutrient-sufficient plants was 2.2-fold less than that of unexposed 
nitrate- and sulfate-deprived plants (Table 1). Root biomass production of nitrate- as well 
as sulfate-deprived plants was not affected by NH3 exposure. NH3 exposure led to an 
increase in shoot to root ratio of nutrient-sufficient plants, while nitrate deprivation led to 
a decrease in that of unexposed plants (Table 1). 
 
Table 1. Impact of NH3 and root nitrate and sulfate deprivation on biomass porduction of B. 
oleracea. Shoot and root biomass production (∆ Biomass) were calculated from the difference 
between shoot (root) fresh weight at day 7 and day 0 of the exposure period (g FW); S/R, shoot 
to root ratio calculated on a fresh weight basis. N represents nitrate, S represents sulfate. Plants 
were pre-treated with nitrate and sulfate for one-week, prior to the deprivation period (1 week). 
For further experimental details, see Chapter 2. Data represents the mean of 5 measurements 
(±SD). Different letters indicate significant differences between treatments, for each parameter 
(P<0.01, Students t-test). 
 
 ∆ Biomass shoot ∆ Biomass root S/R 
0 µl l-1NH3    
+N+S  1.06±0.22bc 0.24±0.06a  3.4±0.4bc 
- N+S  0.23±0.12a 0.52±0.19b 1.4±0.3a 
+N- S  1.35±0.23c 0.56±0.14b 2.5±0.4b 
4 µl l-1 NH3    
+N+S  1.18±0.45bc 0.19±0.12ab 4.6±0.7c 
- N+S  1.05±0.33bc 0.31±0.20ab 3.0±0.7b 
+N- S 0.84±0.15b 0.34±0.12ab 2.8±0.3b 
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Root growth and morphology  
In control plants (0 µl l-1 NH3), total root length, which includes the length of all roots of 
the different orders and the tap root, increased 1.7 and 1.8-fold in nitrate and sulfate-
deprived plants, respectively, compared to nutrient-sufficient plants (+N, +S) (Fig. 1a). 
Exposure to NH3 did not affect the total root length in nutrient-sufficient plants. In 
contrast, the total root length of sulfate-deprived plants exposed to NH3 was 1.9-fold less 
than that of unexposed sulfate-deprived plants (Fig. 1a). 
In control plants, SRL was not affected by nitrate or sulfate deprivation, while NH3 
exposure resulted in a 1.5 and 2.1-fold increase in specific root length (SRL, root length 
per unit of root weight) in nitrate- and sulfate-deprived plants, respectively (Fig. 1b). 
Morphological parameters as root surface area, root volume and root average diameter 
are given in Fig. 2. In control plants, the root surface area (Fig. 2a), root volume (Fig. 2b) 
and root average diameter (Fig. 2c) were not affected by nitrate- or sulfate deprivation. 
NH3 exposure of sulfate-deprived plants resulted in a 2.1-fold decrease in root surface 
area (Fig. 2a), a 1.7-fold decrease in root volume (Fig. 2b) and a 1.1-fold decrease in root 
























































Fig. 1. Impact of NH3 exposure and nitrate and sulfate deprivation on total root length (a) and 
specific root length (b) of B. oleracea. Total root length was calculated as described in Material 
and methods (Chapter 2) and specific root length was calculated from the coefficient between 
total root length and total root biomass. 19-day old plants were exposed to 4 µl l-1 NH3. At day 0 
of the exposure period, the total root length was 2.6±0.5 (m) and root biomass was 0.15±0.04 (g 
fresh weight). Plants were pre-treated with nitrate and sulfate for one-week, prior to the 
deprivation period (1 week). Data represent the mean of 5 measurements (±SD). Different letters 












































































Fig. 2. Effect of NH3 exposure and nitrate and sulfate deprivation on surface area (a), volume 
(b) and average diameter (c) of the root system of B. oleracea. 19-day old plants were exposed 
to 4 µl l-1 NH3. At day 0 of the exposure period, surface area was 0.19±0.04 m2, root volume was 
0.12±0.04 cm3 and root average diameter was 0.24±0.01 mm. Plants were pre-treated with 
nitrate and sulfate for one-week, prior to the deprivation period (1 week). Data represent the 
mean of 5 measurements (±SD). Different letters indicate significant differences between all 
treatments, for each parameter (P<0.01, Students t-test). 
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Net nitrate uptake  
Exposure to NH3 of nutrient-sufficient plants (+N+S) resulted in a 30 % decrease in 
nitrate uptake compared to unexposed plants (0 µl l-1 NH3), when expressed on a root 
fresh weight basis. Nitrate uptake expressed on a plant or root fresh weight basis of 
exposed sulfate-deprived plants decreased by 33 to 30 %, respectively, compared to 
unexposed nutrient-sufficient plants, but was not affected when expressed on a root 
length basis (Table 2). In unexposed plants, sulfate deprivation led to a decrease in 
nitrate uptake independent of the unit of expression, viz. plant fresh weight, root fresh 
weight or root length (Table 2).  
 
 
Table 2. Impact of NH3 on nitrate uptake of B. oleracea. 
Nitrate uptake was calculated over a week period and expressed on a plant fresh weight basis 
(Plant basis, µmol g-1 plant FW day -1), root fresh weight basis (Root basis, µmol g-1 root FW 
day-1) and on a root total length basis (Root length, µmol m-1 root day-1). Plants were pre-treated 
with nitrate and sulfate for one-week, prior to the deprivation period (1 week). Data represent 
the mean of 5 measurements (±SD). Different letters indicate significant differences between all 
treatments, for each parameter (P<0.01, Students t-test). 
 
 0 µl l-1 NH3 4 µl l-1 NH3 
 +N+S -N+S +N-S +N+S -N+S +N -S 
NO3- uptake       
Plant basis 119±10b n.d. 88±9a 82±13a n.d. 80±6a 
Root basis  484±51ab n.d. 303±36a 420±79b n.d. 344±48ab 





Changes in growth and morphology of the root system as consequence of nitrate and 
sulfate deprivation 
Nitrate deprivation resulted in a lower shoot biomass production and in a higher root 
biomass production. Consequently, the S/R of nitrate-deprived plants was lower than in 
nitrate-sufficient plants (Table 1, Castro et al., 2006a,b; Chapters 5 and 6). Nitrate 
deprivation resulted in a higher total root length as well (Fig. 1a), as found by other 
authors (Drew and Saker, 1975; Zhang and Forde, 1998; Zhang et al., 1999; Linkohr et 
al., 2002; Bloom et al., 2003; López-Bucio et al., 2003). Sulfate deprivation had less 
impact on plant growth, but a shift in S/R, in favor of the root was observed (Table 1, 
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Buchner et al., 2004) together with an increase in root length (Table 1). Other 
morphologic parameters as SRL, root surface area, root volume and average diameter 
were not affected by nitrate or sulfate deprivation (Fig. 1b; Fig. 2). In comparison with 
the diameter of stems, the root diameter showed little plasticity, and in many species 
SRL does not change significantly as a function of nutrient availability (Hutchings and 
De Kroon, 1994; Forde and Lorenzo, 2001). Since root surface area is related to lateral 
root branching and root diameter related to the thickness of the root system (Hutchings 
and De Kroon, 1994), it seems likely that both nitrate and sulfate deprivation led to 
elongation of the root system rather than to a more branched and thinner root system.  
Adaptation of root morphology, as reported for nitrate and phosphate, has not been 
investigated in detail for sulfate (Hell and Hillebrand, 2001). Kutz et al. (2002) found 
that in the absence of sulfate young plants of Arabidopsis thaliana, grown in liquid 
culture, developed longer roots with a higher number of lateral roots. In several crop 
plants, including barley, an increase in lateral root number in response to sulfur 
starvation was observed (Hell, unpublished data, in Hillebrand and Hell, 2001). The 
difference between these findings and the present results with B. oleracea might be 
explained by species differences and/or differences in experimental set-up leading to a 
variation in the degree of sulfur starvation.  
 
Changes in growth and morphology of the root system as consequence of exposure to 
atmospheric NH3  
Atmospheric NH3 did not affect shoot biomass production when the roots were nitrate- 
and sulfate-sufficient. However, root biomass production was less and shoot to root ratio 
higher than in plants which were not exposed to an atmospheric N source (Table 1; 
Chapters 5 and 6; Castro et al., 2006a,b). Nitrate-deprived plants benefited from the 
atmospheric NH3 source since shoot biomass production recovered from nitrate 
deprivation. The plant’s S/R was similar to those of the plants, which received nitrate 
and sulfate, but were not exposed to NH3 (Table 1; Chapters 5 and 6; Castro et al., 
2006a,b).  
Upon NH3 exposure the difference in total root length between nitrate-sufficient and 
nitrate-deficient plants was diminished, so that it was comparable to that of plants not 
exposed to NH3 (Fig. 1). According to Forde and Lorenzo (2001) there appears to be at 
least two ways by which plants are able to monitor their nutrient supply, either directly 
through localized changes in nutrient concentration in the external solution, or indirectly 
through changes in the internal nutrient status of the plant itself. The fact that exposure to 
NH3, which affects the internal N status of the plant (Chapters 5 and 6; Castro et al., 
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2006a,b), alleviated the effect of nitrate deprivation on total root length, points to the 
conclusion that the N status of the plant might be important in controlling root length of 
B. oleracea. 
 Sulfate-deprived plants exposed to NH3 produced less shoot biomass than sulfate-
sufficient plants exposed to NH3 or sulfate-deprived unexposed plants (Table 1). 
Surprisingly, an inhibitory effect of NH3 on morphological parameters was found, which 
led to a lower root length, a decreased number of lateral roots (surface area), a lower root 
volume and thinner roots (root average diameter) (Table 1; Fig. 2). This might be 
explained by the fact that sulfate-deprived plants are more susceptible to atmospheric 
NH3, which may act as both toxin and nutrient (Chapters 5 and 6; Castro et al., 2006a,b).  
 
Is the expression of nitrate uptake affected by changes in root morphology? 
SRL determines the ability of a plant to take up nutrients, within certain limits 
(Hutchings and De Kroon, 1994; Forde and Lorenzo, 2001; Rubinigg et al., 2003, 2004). 
Changes in SRL potentially affect the expression of nitrate fluxes on a root weight basis 
due to a change in the ratio between root surface (the part of the root, which is actually 
involved in nitrate uptake) and root weight (Rubinigg et al., 2004). Nitrate uptake is 
generally expressed on a weight unit basis (root or plant). Changes in root morphology, 
which might lead to a misinterpretation of the effect of a treatment, are not taken into 
account (Rubinigg et al., 2003, 2004). Comparison of nitrate uptake, expressed on a 
fresh weight basis (root and plant) with the rates expressed on a root length basis showed 
that nitrate uptake decreased by 30 % when plants were deprived of sulfate, independent 
of the unit of expression. The total root length increased markedly (Fig. 1a) in nitrate- as 
well as sulfate-deprived plants. Taken together, these results suggest that the decrease in 
nitrate uptake of sulfate-deprived plants cannot be ascribed to the change in total root 
length, whereas the changes in sulfate uptake of nitrate-deprived plants may be related to 
the change in total root length. In contrast, Kamh et al. (2005) concluded that nitrate 
uptake in two B. napus cultivars, differing in nitrogen efficiency, was dependent 
exclusively on root length. The discrepancy between these results and the present result 
with B. oleracea might be explained by the difference in experimental set-up. In the 
experiments with B. napus, which were performed in soil, nitrate was distributed 
heterogeneously, whereas B. oleracea was grown in nutrient solution, with a 
homogenous nitrate supply.  
The nitrate uptake of nitrate-sufficient plants exposed to NH3, expressed on a weight 
basis, did hardly differ from that expressed on a root length basis. Both rates were lower 
than in plants not exposed to NH3, viz. 13 and 18 %, on a root weight and a root length 
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basis, respectively. A similar decrease in nitrate uptake, on a plant weight basis, as a 
result from exposure to atmospheric NH3 was found in previous experiments (Chapters 5 
and 6; Castro et al., 2006a,b). The down-regulation of nitrate uptake might be explained 
by the involvement of a product of NH3 assimilation, translocated from shoot to the root 
(Filleur et al., 2005).  
Taken together, these results suggest that nitrate uptake is rather independent of the 














































Brassica oleracea L. was exposed simultaneously to 4 µl l-1 NH3 and 0.15 µl l-1 H2S for one 
week, in the presence and absence of nitrate and sulfate in the root environment. Growth 
parameters, total N and S contents, thiol and OAS contents, free amino acid content and protein 
composition were measured. Unexposed plants, which were deprived of nitrate or sulfate for a 
week became N deficient, but not yet S deficient. Apparently, the plants were able to remobilize 
and assimilate the abundant vacuolar sulfate to maintain growth during this period. In the 
absence of nitrate and sulfate, combined NH3+H2S exposure was beneficial for B. oleracea, 
since the atmospheric N and S sources were used for growth. However, exposure to both 
atmospheric nutrient sources did not change biomass allocation in favor of the root in the 
nitrate- and sulfate-deprived plants. Biochemical analysis revealed that nitrogen nutrition, either 
by nitrate supply to the root or NH3 exposure to the shoot, mainly affected total N and free 
amino acid content, whereas sulfate supply to the roots and H2S exposure mainly affected total S 
and thiol content. The lack of correlation between changes in thiol and OAS pools, under 
different atmospheric conditions, suggests that their role in the coordination between the nitrate 





Organic C, reduced N and S forms are required for protein synthesis. Coordination of the 
assimilatory pathways of nitrate and sulfate reduction is thus necessary, so that the 
appropriate proportions of amino acids are available for protein synthesis (Brunold, 
1993).  
 A strong interaction between N and S assimilatory pathways has been established by 
Reuveny et al. (1980), in which the availability of sulfate affected not only sulfur 
assimilation but also nitrogen assimilation and vice versa. Under sulfate deprivation, an 
increase in ATP sulfurylase (APS) activity and mRNA levels together with an 
accumulation of amino compounds and a decrease in nitrate reductase (NR) activity were 
found (Giordano et al., 2000; Migge et al., 2000; Prosser, 2001). Under nitrogen 
deprivation, a reduction in APS and adenosine 5’-phophosulfate reductase (APR) 
activities and mRNA levels were observed (Brunold and Suter, 1984; Koprivova et al, 
2000). Recently, microarray analysis in Arabidopsis thaliana revealed nitrate as a 
putative inducer in sulfate uptake by its effect on the gene expression of the sulfate 
transporters (Wang et al., 2003).  
The synthesis of cysteine not only represents the incorporation of reduced inorganic 
sulfur into the first stable organic molecule, which is comparable to incorporation of 
ammonia by glutamine synthetase (Hell et al., 2002), but it also has a central role in both 
N and S metabolic pathways, since it is the major direct interaction between metabolism 
of sulfur and nitrogen. Furthermore, cysteine is the precursor of numerous key 
metabolites as glutathione, phytochelatins and methionine as well as secondary N- and S-
compounds. Cysteine biosynthesis consists of a two-step process. Serine and acetyl 
coenzyme A are condensated by serine acetyltransferase (SAT) to form O-acetylserine 
(OAS). This intermediate reacts with sulfide to form cysteine, a reaction that is catalyzed 
by O-acetylserine (thiol)lyase (OAS-TL) (Hell et al., 2002). An adequate N and C supply 
is necessary for serine synthesis, which makes cysteine biosynthesis an opportunity for 
the coordination of S assimilation with C and N metabolism (Hawkesford, 2000). In 
plants, SAT and OAS-TL are associated in the bi-enzyme complex cysteine synthase 
(Hess et al., 2004). The formation of the cysteine synthase complex is a reversible 
process, and therefore, this complex might play a role as a metabolic sensor and a 
regulatory center for the S metabolic pathway (Hell et al., 2002; Hesse et al., 2004).  
 The ability of using H2S as a sole S source for growth in Brassica oleracea is a well-
documented characteristic (De Kok et al., 1997, 1998, 2000; Stuiver and De Kok, 2001). 
Plant shoots form a sink for H2S. H2S is taken up via the stomata, showing saturation 
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kinetics with respect to the atmospheric H2S concentrations, which can be described by 
the Michaelis-Menten equation. H2S is metabolized with high affinity into cysteine and 
subsequently into other S metabolites. It has been established that the maximum uptake 
rates of H2S vary between different plant species (De Kok et al., 2002b; Durenkamp and 
De Kok, 2002). An atmospheric H2S level ≥ 0.075 µl l-1 is already sufficient to cover the 
organic sulfur requirement of B. oleracea (Buchner et al., 2004). 
 Previous experiments with B. oleracea showed that NH3 up to a concentration of 4 µl  
l-1 could be used as nutrient for growth to a considerable extent (Chapters 5 and 6). Plant 
shoots form a sink for both NH3 and H2S, but foliar uptake of these gases occurs 
differently (Chapter 1). NH3 may be metabolized by the GS/GOGAT cycle (Lea and 
Mifflin, 1974) and an increase in N-compounds is one of the best-documented effects of 
NH3 exposure (Chapter 5 and 6). H2S is metabolized with high affinity into cysteine and 
subsequently into other S metabolites, resulting generally in an increase of the thiol pool, 
mainly glutathione, as a down-stream product of cysteine biosynthesis (De Kok et al., 
1998; Stuiver and De Kok, 1997). The use of atmospheric reduced N and S sources can 
be regarded as a valuable tool in regulatory studies and provides the ability of bypassing 
the regulatory control of APR and NR as rate limiting enzymes, in sulfate and nitrate 
assimilation, respectively.  
 Brassica oleracea was exposed to 4 µl l-1 NH3 and 0.15 µl l-1 H2S for one week, in the 
presence or absence of nitrate and sulfate in the root environment. Growth, total N and S 
were measured and changes in the thiol, OAS, free amino acid and protein pools were 
assessed. This study was aimed at 1) investigating the impact of combined NH3 and H2S 
exposure, in the absence and presence of nitrate and sulfate in the root environment, on 
growth of Brassica oleracea, 2) assessing to what extent combined NH3 and H2S 
exposure can replace nitrate and sulfate as nutrient source, and 3) obtaining further 





Growth parameters as affected by NH3 and H2S exposure 
A 7-day nitrate deprivation resulted in a strong reduction in shoot biomass production 
and an increase in shoot dry matter content (DMC). Neither root biomass production nor 
root DMC was affected by nitrate deprivation. Shoot to root ratio was 0.5-fold lower in 
nitrate-deprived plants than in nitrate-sufficient plants (Table 1). A 7-day sulfate 
deprivation did not yet significantly affect shoot or root biomass, or the corresponding 
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DMC. However, shoot to root ratio was 0.7-fold lower in sulfate-deprived plants, 
compared to sulfate-sufficient plants (Table 1). 
 The effects of simultaneous nitrate and sulfate deprivation resulted in similar changes 
as those found for solely nitrate-deprived plants (Table 1 and 2). When plants were 
exposed to NH3 a higher increase in shoot biomass production was observed; the shoot 
biomass production of -N-S plants did not differ from that found for +N+S plants. In 
addition, shoot DMC of -N-S plants was the same as shoot DMC of +N+S plants. Shoot 
to root ratio of -N-S plants increased upon NH3 exposure and was similar to that of 
unexposed +N+S plants. NH3 exposure, in combination with sufficient nitrate and 
sulfate, led to a higher shoot to root ratio (Table 2). H2S exposure did not affect any of 
the growth parameters of -N-S plants, which were similar to those of the unexposed -N-S 
plants. The changes in growth parameters found upon simultaneous NH3+H2S exposure, 
were similar to those found upon NH3 exposure (Table 2). 
 
Total N and S contents as affected by NH3 and H2S exposure  
Nitrate deprivation resulted in a lower total N and S content in shoot as well as root, 
whereas sulfate deprivation did not affect shoot or root total N content. However, shoot 
and root total S contents were already strongly decreased by sulfate deprivation (Table 
1). 
 The effects of simultaneous nitrate and sulfate deprivation, resulted in similar effects 
on total N and S content as those described for solely nitrate-deprived plants (Table 1 
and 2). NH3 exposure led to a 1.5 to 2-fold increase in shoots total N for +N+S and -N-S 
plants, respectively. Root total N was increased in -N-S plants, but unaffected in +N+S 
plants. Shoot and root total S were not affected in -N-S plants by NH3 exposure (Table 
2). H2S exposure did not markedly affect shoot or root total S contents, which were 
similar to those found in unexposed plants. The main effect of simultaneous NH3+H2S 
exposure was the increase in shoots total N content (Table 2). 
 
Thiol and O-acetyl serine contents as affected by NH3 and H2S exposure 
Shoot thiol content was decreased by nitrate (1.8-fold) as well as sulfate (2.6-fold) 
deprivation. Similar changes were observed for root thiol content (Table 1). Shoot OAS 
content was strongly increased by sulfate deprivation and decreased by nitrate 
deprivation. Root OAS content was unaffected by nitrate deprivation but increased by 
sulfate deprivation (Table 1). 
 A simultaneous nitrate and sulfate deprivation led to a decrease in shoot thiol content. 
Exposure of nitrate- and sulfate-deprived plants to H2S and NH3+H2S resulted in an 
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increase in shoot thiol content to a similar or even higher value than that of unexposed 
nitrate- and sulfate-sufficient plants (Table 2). Shoot OAS content of -N-S plants was the 
same in unexposed and H2S-exposed plants. NH3 exposure of -N-S plants resulted in a 
strong OAS accumulation in the shoot (Table 2).  
 Root thiol content of -N-S plants was always lower compared to +N+S plants, under 
all atmospheric conditions (Table 2). 
 
Impact of NH3 and H2S exposure on free amino acids content 
The free amino acids content was only affected by nitrate deprivation in shoot as well as 
root; it was decreased. Sulfate deprivation did not have yet an effect on the free amino 
acids content (Table 1). Simultaneous nitrate and sulfate deprivation also resulted in a 
decrease in free amino acids content. Free amino acids content increased upon NH3 and 
NH3+H2S exposures, for both +N+S and -N-S plants but was not strongly affected by 
H2S exposure (Table 2).  
 
 
Fig. 1. Composition of the soluble protein fraction of B. oleracea exposed to NH3, H2S and 
H2S+NH3, in the presence and absence of nitrate (a), sulfate (b) and nitrate + sulfate (c) supply 
to the root. Protein extracts were prepared as described in Chapter 2, separated in 10 % SDS-
PAGE and stained with Coomassie Brilliant Blue. 
 
Impact of NH3 and H2S exposure on the composition of soluble proteins 
The shoot soluble protein content decreased 4-fold by nitrate deprivation, but was not 
affected by sulfate deprivation after 7 days (Table 1). Upon NH3 and NH3+H2S 
exposure, a slight increase in shoot soluble protein content was found for +N+S as well 
as -N-S plants. H2S exposure did not affect shoot protein content (Table 2). When the 
soluble protein extracts were separated by SDS-PAGE, no differences in protein 
composition were found upon nitrate (Fig. 1a) or sulfate (Fig. 1b) deprivation, but 
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simultaneous nitrate and sulfate deprivation led to 2-fold decrease of Rubisco (50 kD), in 
unexposed- and H2S-exposed plants (Fig. 1c).  
 
 
Table 1. Growth and metabolite content of B. oleracea seedlings upon nitrate or sulfate 
deprivation. 
Biomass (biomass production, g FW) and DMC (dry matter content, %). (S) Shoot, (R) Root, 
(P) Plant. Plants were pre-treated with nitrate and sulfate for one week, and subsequently 
deprived for 1 week. For detailed experimental conditions, see Chapter 2. Thiol and OAS 
contents are expressed in nmol g-1 FW; protein in µg g-1 FW and other data are expressed in 
µmol g-1 FW. Data on growth represents the mean of 2 experiments, with 3 measurements, with 
3 plants in each (±SD); biochemical data represents the means of 3 measurements with 3 plants 
in each (±SD). Different letters indicate significant differences between treatments (+NO3- and         
-NO3-; +SO42- and -SO42-), for each parameter (P<0.01, Students t-test).  
 
   
 + NO3- - NO3- + SO42- - SO42- 
Growth     
Biomass (S) 1.23±0.21b 0.25±0.11a 0.97±0.17a 1.23±0.36a 
DMC (S) 11±0.5a 15±3.1b 8.3±1.6a 9.3±1.5a 
Biomass (R) 0.44±0.12a 0.28±0.07a 0.43±0.09a 0.70±0.21a 
DMC (R) 5.3±0.6a 6.5±0.5a 5.9±0.3a 5.2±0.8a 
S/R (P) 2.9±0.5b 1.5±0.2a 3.3±0.4b 2.3±0.2a 
Shoot     
Total N 630±79b 445±92a 691±18a 685±91a 
Total S 50±2b 27±4a 45±1b 4±1a 
Thiol 602±15b 321±19a 467±48b 181±47a 
OAS 42±5b 14±3a 28±3a 1166±488b 
Amino acids 12±2b 6±3a 14±1a 14±6a 
Protein 8±1b 2±1a 6±2a 4±1a 
Root      
Total N 285±5b 121±25a 402±98a 549±44b 
Total S 17±1b 10±1a 19±1b 2±1a 
Thiol 539±23b 233±90a 385±1b 288±22a 
OAS 13±1a 10±2a 9±1a 56±16b 







Remobilization of N and S upon nitrate and sulfate deprivation  
Plants of B. oleracea, grown without nitrate for one week became N deficient, whereas 
those grown without sulfate were not yet S deficient as shown by the inexistence of 
sulfur-deficiency symptoms and the lack of degradation of Rubisco large subunit (54 kD) 
and changes in protein composition (Fig. 1b). Differences in remobilization between 
nitrogen and sulfur are the most likely explanation for the difference between nitrate and 
sulfate deprivation, in combination with the difference in relative abundance of both 
nutrients in plant tissue. Previous experiments have shown that the major part of total S 
in B. oleracea is present as sulfate (up to 88 %), presumably localized in the vacuole 
(Chapter 3; Castro et al., 2003). Apparently, the plants were able to remobilize and 
assimilate the sulfate to maintain growth. Cram and co-workers (Bell et al., 1990; Cram, 
1990) proposed that the rate of transport out of the vacuole would limit the 
remobilization of sulfate within whole plants in conditions of sulfur deficiency. The 
mobilization of the vacuolar pool of sulfate has been reported to be a slow process in 
roots, mature leaves and particularly so in oilseed rape (Hawkesford, 2000 and 
references therein). However, the present results with B. oleracea suggest that vacuolar 
sulfate was released in sufficient quantities, since the abundant sulfate pool present was 
sufficient to support growth over a prolonged period (even up to 7 days). At the same 
time, the plants were not able to remobilize sufficient N for growth to maintain growth 
during this period. Since, after nitrate deprivation for a week, biomass production was 
strongly reduced, the nitrate content in the shoot was no longer detectable and the 
organic N had decreased by 20 % (A. Castro, unpublished results). In the present 
experiments a reduction in Rubisco abundance in plants simultaneously deprived of 
nitrate and sulfate was found (Fig. 1c), suggesting that simultaneous nitrate and sulfate 
deprivation acts in synergism, affecting the photosynthetic capacity of the plant, by 
degradation of Rubisco. Degradation of Rubisco (large subunit, 54 kD) was also found 
for Lemna minor (Ferreira and Teixeira, 1992) and in the green alga Dunaliella salina 
(Giordano et al., 2000) as an adaptive consequence to sulfur limitation. Changes in 
protein composition by both an increase and a decrease in protein abundance were found 
in D. salina (Giordano et al., 2000). 
 
Effects of NH3 and H2S exposure on biomass production and allocation  
Exposure to NH3 of nitrate- and sulfate-deprived B. oleracea plants resulted in a 
considerable increase in shoot biomass production. When plants were exposed to NH3 
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and to NH3+H2S, shoot biomass production was 86 % and 78 %, respectively, of that of 
unexposed nitrate- and sulfate-deficient plants. Atmospheric NH3 at a concentration of 4 
µl l-1, therefore, was able to replace nitrate as nutrient to a considerable extent. This is in 
agreement with previous findings (Chapter 5 and 6), and theoretical calculations on the 
possible contribution of NH3 to the N budget of plants (Stulen et al., 1998). Root 
biomass production of the nitrate- and sulfate-deficient plants, which was higher than 
that of the nitrate- and sulfate-deficient plants, however, was not affected by exposure to 
NH3 or NH3+H2S. Also, sulfate deprivation for a week did not yet affect the shoot 
biomass production of B. oleracea but the shoot to root biomass partitioning was lower, 
due to a higher biomass allocation to the root (Table 1). The latter was also previously 
observed by Buchner et al. (2004) and Stuiver and De Kok (1997). Even though B. 
oleracea apparently was able to use both NH3 and H2S as nutrient source for growth, 
exposure did not change biomass allocation in favor of the root in the nitrate- and 
sulfate-deprived plants. Other experiments with B. oleracea, exposed to H2S and SO2, 
showed similar results; the decrease in shoot to root ratio upon sulfate deprivation was 
hardly affected (Buchner et al., 2004; Yang et al., 2003, 2005). The patterns of changes 
in root development upon nutrient deprivation are mediated by nutrient-specific signal 
transduction pathways, which sense the external and/or internal nutrient concentrations 
(López-Bucio et al., 2003). The present experiments showed for N- as well as S nutrition 
that there is no direct signaling from the shoot to the root involved in regulating biomass 
allocation to the root. Whether the external or internal nitrate or sulfate concentration in 
the root (or a specific part of the root) itself is the sensing factor, is still an open question. 
 
Role of thiols and OAS in the coordination between N and S metabolic pathways 
Previous studies with two cultivars of B. oleracea showed that the thiol pool responded 
rapidly to H2S exposure (cv. Arsis, A. Castro, unpublished results; cv. Bornick, 
Westerman et al., 2000). Over a concentration range of 0.15-1.2 µl l-1 H2S, the response 
was induced after 4 h, and the thiol pool reached its maximum after 12 h of exposure, 
after which it was maintained for up to one week (A. Castro, unpublished results). In the 
present study, the thiol pool increased 1.4-fold upon H2S fumigation for one week (Table 
2), which is in agreement with results from Buchner et al. (2004) for Brassica oleracea, 
at lower H2S concentrations (0.075 µl l-1) and Riemenschneider et al. (2005) for 
Arabidopsis thaliana. The effect of H2S on the thiol pool can be explained by the direct 
incorporation of H2S into cysteine and subsequently glutathione (De Kok et al., 1998, 
2000). Simultaneous sulfate and nitrate-deprivation led to a decrease in the thiol pool, 
which was increased upon NH3 and H2S exposure (Table 2). H2S exposure did not affect 
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shoot O-acetylserine (OAS) levels (A. Castro, unpublished results; Table 2), but sulfate 
deprivation led to a strong increase in OAS levels, probably by inhibition of cysteine 
biosynthesis. Combined nitrate and sulfate deprivation resulted in a decrease in OAS 
levels, while NH3 exposure in combination with nitrate and sulfate deprivation resulted 
in an accumulation of OAS (Table 2). The latter might have been caused by an 
accumulation of amino compounds, in particular serine, the N precursor for OAS 
biosynthesis. In nitrate- and sulfate-deprived plants exposed to H2S+NH3, OAS levels 
were restored (Table 2), since the biosynthesis of cysteine is possible by H2S 
incorporation into sulfide.  
 By its central position between both metabolic pathways and due to its sensitivity to 
manipulations in N and S nutrition, a role of OAS as regulator of a large number of 
genes, and in the metabolic signaling pathway involved in the coordination between N 
and S metabolic pathways has been assumed (Hawkesford, 2000; Hell et al., 2002; 
Droux, 2003; Hesse et al., 2004; Hirai et al., 2003). However, the lack of correlation 
between changes in the thiol and OAS pools found in the present experiments suggest a 
limited role of OAS in the coordination between both metabolic pathways. This is in 
agreement with the suggestion of Hawkesford and De Kok (2006), that OAS 
accumulation reflects an imbalance of nitrogen and sulfur nutrition, rather than an early 






General Discussion  
 
 
Nutrient requirement of plants 
 
The uptake of nutrients by the roots and their further assimilation in the plant is highly 
regulated and is generally in tune with the nutrient requirement for biomass production 
with time (De Kok et al., 2002a, 2005). The nutrient requirement varies between species 
and it may strongly vary at different developmental stages of the plant (vegetative 
growth, seed production). The overall plants' nutrient requirement (Nutrientrequirement) can 
be estimated as follows (De Kok et al., 2002a): 
 
Nutrientrequirement (µmol g-1 plant day-1) = RGR (% day-1) x Nutrientcontent (µmol g-1 plant) 
 
where RGR represents the relative growth rate and Nutrientcontent of the total plant tissue. 
The RGR can be estimated as follows: 
 
RGR = (lnW2 - lnW1)/(t2 - t1) 
 
where W1 and W2 represent the total weight (g) at time t1 and t2, respectively, and t2 - t1 
the time interval (days) between harvests. The rate of nutrient uptake by the roots 
necessary to meet the plants' nutrient requirement for growth can be estimated as follows 
(De Kok et al., 2005): 
 
Nutrientuptake (µmol g-1 root day-1) = Nutrientrequirement (µmol g-1 plant day-1) x (S/Rratio+ 1) 
 
where S/Rratio represents the shoot (S) to root (R) biomass partitioning of the plant. 
  
 
Is Brassica oleracea a species with a high sulfur requirement? 
 
 Brassicaceae (see Box 1) are generally considered to have a high sulfur requirement 
for growth. From the current study it is evident that Brassica oleracea cultivars had a 
sulfur requirement of approximately 10 µmol g-1 plant fresh weight day-1 (Chapter 3, 
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Castro et al., 2003). For comparison, at optimal growth conditions the sulfur requirement 
of different crop species ranges from 2 to 10 µmol g-1 plant fresh weight day-1 (De Kok et 
al., 2002, 2005). In general, the major proportion of the sulfur in plants is present in its 
reduced form in the protein fraction. Brassicaceae species are characteristic for the 
widespread occurrence of secondary sulfur compounds viz. glucosinolates (Schnug, 
1990, 1993), though their content accounted only for a small proportion of the total 
sulfur fraction. In the shoot of the B. oleracea cultivars their content ranged from 1 to 2 
% and 10 to 23 % on a total and organic sulfur basis, respectively (Chapter 4, Castro et 
al., 2004). Young B. oleracea plants contained a very high sulfate content, which 
accounted for 70 to 88 % of the total S content in the different cultivars (Chapter 3, 
Castro et al., 2003). It was proposed that for B. oleracea the organic sulfur content 
instead of the total sulfur content might be a better parameter for the estimation the sulfur 
requirement for structural growth (Chapter 3, Castro et al., 2003). Furthermore, it is 
evident that when the total sulfur requirement of B. oleracea would be corrected for the 
high sulfate content, the sulfur requirement for structural growth would not substantially 
differ from most other species in general.  
 Sulfate deprivation generally results in multiple adaptive responses facilitating 
enhanced sulfate uptake efficiency on a whole plant basis. Upon deprivation of B. 
oleracea there was fast induction of expression of the sulfate transporters and sulfate 
uptake capacity by the roots. More prolonged sulfate deprivation generally results in 
changes of shoot/root biomass partitioning in favor of that of the root (Stuiver et al., 
1997; Yang et al., 2003, 2005; Buchner et al., 2004; Table 1) and altered root 
morphology (Chapter 7). In this context, the nature of high sulfate levels in B. oleracea 
needs further to be evaluated, since it might have significance in buffering the sulfur 
availability in the adaptation to variation of sulfate supply/uptake by the root. In general, 
it is presumed that the bulk of the sulfate present in the plant is localized in the vacuole 
and that in contrast to nitrate, sulfate would not be 'stored' but 'wasted' in the vacuole, 
because the rate constant for the vacuolar exchange or turnover would be very slow (Bell 
et al., 1990; Cram 1990; Clarkson et al., 1993). From studies on wheat and purple bean it 
became evident that sulfate present in the vacuole in these species was too immobile to 
temporary replace the sulfate taken up by the root as sulfur source for growth under 
sulfur stress. However, it has become obvious that in contrast to these species upon 
sulfate deprivation B. oleracea is able to remobilize and utilize vacuolar sulfate from 
both root and shoot as sulfur source for growth (Yang et al., 2003, 2005; Buchner et al., 
2004). B. oleracea even benefited from the high amounts of sulfate present in the tissue 
and plants became more rapidly nitrogen deficient upon nitrate deprivation than sulfate 
 89 
deficient upon sulfate deprivation (Chapter 8). Sulfate deprivation resulted in a strongly 
enhanced expression of the Group 1 sulfate transporters, which are responsible for the 
primary uptake of sulfate by the root, and of the Group 2 sulfate transporters, which are 
involved in the vascular transport. Moreover, deprivation also resulted in a strongly 
enhanced expression of Group 4 sulfate transporters in roots, stems/petioles and leaves of 
B. oleracea (Buchner et al., 2004). The latter transporters may be localized in the 
tonoplast and may be responsible for the transport of the sulfate from the vacuole to the 
cytoplasm (Buchner et al., 2004). A high vacuolar exchange and remobilization and 
assimilation of the abundant sulfate are also supported by the observation that both 
young and old sulfate-deprived leaves hardly contained any sulfate after prolonged 
sulfate deprivation (Table 1). Still the root (and cotyledons) contained detectable levels 
of sulfate, however, it remains to be questioned to what extent it originates from 
remobilized sulfate from the leaves, since it is assumed that root vacuoles have a higher 
rate constant for the exchange of sulfate than leaf vacuoles (Bell et al., 1990). Similar to 
previous observations there appears not to be a strict mutual regulation in the uptake of 
sulfate and nitrate, since the content of the latter was hardly affected by sulfate 
deprivation; it slightly increased in all leaves and stem/petioles, it was decreased in the 
cotyledons, whereas it was unaffected in the root (Table 1). 
 
Table 1. Impact of sulfate deprivation on biomass and sulfate content of Brassica oleracea. 
After germination plants were grown on 25 % Hoagland solution for 7 days and subsequently 
transferred to a 25 % Hoagland solution with and without sulfate for 10 days. Data represent the 
mean of 3 measurements with 6 plants in each (±SD).  
 Fresh weight (g) Sulfate (µmol g-1 FW) Nitrate (µmol g-1 FW)
 +S -S +S -S +S -S 
4th Leaf 0.41 ± 0.11 0.16 ± 0.04 21 ± 4 < 0.1 31 ± 6 38 ± 6 
3rd Leaf 0.57 ± 0.09 0.24 ± 0.03 32 ± 1 < 0.1 60 ± 1 64 ± 4 
2nd Leaf 1.07 ± 0.10 0.55 ± 0.07 40 ± 1 < 0.1 82 ± 6 87 ± 2 
1st  Leaf 0.79 ± 0.02 0.66 ± 0.03 41 ± 3 <0.2 90 ± 3 100 ± 7 
Stems + petioles 0.93 ± 0.10 0.55 ± 0.05 12 ± 0 < 0.1 138 ± 3 162 ± 4 
Cotyledons 0.54 ± 0.03 0.50 ± 0.05 36 ± 0 8 ± 3 86 ± 1 50 ± 4 
Root 0.73 ± 0.11 0.70 ± 0.12 14 ± 1 1 ± 0 50 ± 3 50 ± 1 
       





The impact of atmospheric NH3 is ambiguous since it is both nutrient and toxin 
 
The data in Chapters 5 and 6 showed that B. oleracea, a species with a relatively high 
relative growth rate, was able to use atmospheric NH3 concentrations up to 4 µl l-1 N for 
growth and metabolism. The extent to which NH3 could contribute to the N budget of the 
plant was dependent on the presence or absence of nitrate in the root environment. 
Atmospheric NH3 concentrations up to 4 µl l-1 NH3, therefore, could be considered as 
nutrient. Although a concentration as high as 8 µl l-1 NH3 could contribute to the N 
budget of the plant, growth was affected and leaf injuries were visible at this 
concentration. Taken together, these results lead to the conclusion that the concentration 
at which atmospheric NH3 changes from being a nutrient to a toxin is not clear-cut, since 
NH3 can act as nutrient as well as toxin at the same concentration (Chapter 6).  
 Several authors have considered that a lack of detoxification capacity, occurring when 
NH3 uptake exceeds the capacity to assimilate NH4+, and a shortage of carbon skeletons 
for the formation of organic N compounds, are the primary causes for NH3 toxicity. 
Moreover, nutrient imbalances due to cations release have been related to NH3 toxicity 
(Van der Eerden et al., 1982; Wollenweber and Raven, 1993; Fangmeier et al., 1994; 
Krupa, 2003). 
 The results presented in Chapter 6 showed that even at a concentration as high as 8 µl 
l-1 NH3, when plant growth was affected, B. oleracea was able to increase the total N 
pool. At the same time, NH3 exposure did not affect soluble sugar content. A lack of 
detoxification capacity and a shortage of carbon skeletons for the formation of organic N 
compounds, therefore, can be excluded as possible cause of NH3 toxicity in B. oleracea. 
Nutrient imbalances due to the release of cations as primary cause of NH3 toxicity are 
also unlikely, since changes in the pool of cations were only found for Mg2+. The 
physiological basis of the phytotoxicity of atmospheric NH3, therefore, is still largely 
unknown. 
 Two further questions can be raised from the data presented in this thesis: i) Is the 
nitrate uptake by the root tuned to the NH3 taken up by the shoot, inferring an efficient 
shoot to root signaling, and ii) To what extent is NH3 toxicity related to experimental 
conditions? 
 In Chapter 5 it was shown that at an NH3 concentration as low as 2 µl l-1, there was 
already a significant increase in the total N pool, when nitrate was simultaneously 
supplied to the roots. Either the foliarly absorbed NH3 is hardly utilized for structural 
growth, or in B. oleracea there is a poor shoot to root signaling in the tuning of the rate 
of metabolism of NH3 taken up by the shoot to the nitrate uptake rate in the root. Studies 
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on the interaction between atmospheric and pedospheric sulfur nutrition of B. oleracea 
also showed a similar poor shoot to root signalling in regulation of the sulfate uptake 
(Buchner et al., 2004; Hawkesford and De Kok, 2006). 




Fig. 1. Proposed pathways and effects of NH3 in B. oleracea (after Fangmeier et al., 1994; 
Krupa, 2003 adapted; see also Fig. 2, Chapter 1). Parameters in bold, effects found in Chapters 5 
and 6. Parameters in grey, not measured. Dashed crosses, no support for the proposed effects. 
Dashed box, no clear distinction between primary and secondary effects. 
 
 The data presented in this thesis was based on laboratory experiments, with its 
inherent constraints, in which the NH3 concentrations used were several orders of 
magnitude higher, and the exposure periods much shorter than in most field situations. 
Therefore, comparisons between data from laboratory studies and field experiments 
should be made carefully.  
 The current NH3 levels in field conditions range from 0.03 to 1.2 µl l-1, the latter as a 
peak level (Chapter 5). Since it is unlikely that these levels would negatively affect 
growth of B. oleracea under field conditions, one may conclude that B. oleracea is able 
to cope with levels of NH3 exceeding peak levels, most likely because of its rather high 




Evolution and phylogeny of Brassicaceae  
The Brassicaceae members grow well in a diversity of habitats that comprise saline 
environments: salt marsh, costal dunes as well as gypsum soils and areas in the vicinity of S-
emitting sources such as volcanoes (Ernst, 1990). Brassicaceae have migrated extensively to 
assume a worldwide distribution; being concentrated in the northern temperate regions, the 
Mediterranean and the mountains of southwest Central Asia (Hall et al., 2002). The modern 
Brassica sp. likely evolved from an ancient hexaploid (Hall et al., 2002). Several species of 
Brassica are of economic importance: B. rapa (turnip), B. juncea and B. nigra (mustard), B. 
oleracea (broccoli, Brussels sprouts, cabbage cauliflower, kale) and B. napus (rapeseed) are 
constituents of the Brassica Triangle. The Brassica triangle depicted an example of complexity 
of the poliploid genomes. This model is based on three diploid species: B. rapa (A genome), B. 
oleracea (C genome) and B. nigra (B genome) and their allopolyploid (merging of two distinct 
genomes to generate a single, new species) derivatives B. juncea (AB), B. napus (AC) and B. 
carinata (BC) (Soltis and Soltis, 2000).  
Two of the diploids B. oleracea and B rapa are sister in taxa within a larger “Rapa/Olercaea” 
lineage. However, the third diploid B. nigra is distantly related to the “Rapa/Oleracea” lineage 
and appears as part of a second clade of Brassica (the “Nigra” lineage) (Soltis and Soltis, 2000) 
This information is not only useful for comparative genome analysis, and therefore phylogenetic 
purposes, but also in interpreting biochemical data like glucosinolate composition in different 














“Brassica triangle”. It exhibits the relationship between cultivated diploid and allotetraploid 
species of Brassica. Capital letters represent the genome type and n represents the chromosome 
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A well-regulated nutrient uptake is of crucial importance for every organism. Plants, as 
sessile organisms have developed different strategies to cope with environmental 
changes. Therefore, the uptake of nitrogen and sulfur are regulated in a coordinate 
manner and adjusted to meet the nutrient requirement for growth. Nitrate and ammonium 
are the major N forms that plants roots can use as nitrogen source for growth, while 
sulfate is the major sulfur source. Both nitrate and sulfate uptake are mediated by groups 
of nitrate and sulfate transporter proteins. The nitrate assimilatory pathway shares 
various similarities with the sulfate assimilatory pathway. Both nitrate and sulfate have 
to be reduced prior to assimilation into amino acids, via the GS-GOGAT cycle, and into 
cysteine, respectively. The synthesis of cysteine is one of the primary coupling reactions 
between nitrogen and sulfur metabolism. Atmospheric NH3 and H2S both can be used as 
reduced nitrogen and sulfur sources. The present thesis was aimed to get more insight 
into the possible interaction between atmospheric NH3 and pedospheric nitrate nutrition 
in plant growth and functioning and the interaction between nitrogen and sulfur 
assimilation on a whole plant basis (Chapter 1). 
 In Chapter 2, a description of the material and methods used in this thesis is presented.  
 In Chapters 3 and 4, comparative studies with different cultivars of Brassica oleracea 
L. were carried out, in order to search for plants differing in nitrogen and sulfur 
requirement for growth and to establish to what extent glucosinolates can contribute to 
the total sulfur pool, respectively. In Chapter 3, only minor differences were found in 
terms of growth and biochemical composition between the cultivars, while in all 
cultivars, the sulfur was mainly present as sulfate, representing 70-88 % of the total 
sulfur content. In that context, it was suggested that organic sulfur rather than total sulfur 
is the better parameter to calculate sulfur requirement for growth. The data in Chapter 4 
showed that in all cultivars total glucosinolate content was highest in the roots. In 
addition, the glucosinolate fraction expressed on a total sulfur basis was very low (1-2 
%) whereas the glucosinolate fraction ranged from 10-23 % when expressed on an 
organic sulfur basis. Therefore, expression on an organic sulfur basis, rather than on a 
total sulfur basis, appears to be a better parameter to assess the fraction of glucosinolates. 
Due to the minor differences in growth and biochemical parameters between the 
cultivars investigated in Chapters 3 and 4, no more comparative experiments were 
carried out. All further experiments were carried out with one cultivar only, Brassica 
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oleracea L. (curly kale), the cultivar with a relatively low nitrogen content and a 
relatively high sulfur content. 
 In Chapters 5 and 6, atmospheric NH3 was introduced as a tool to investigate the 
interaction between foliar N uptake and root nitrate uptake. In Chapter 5, B. oleracea 
was exposed to 0, 2, 4, 6 and 8 µl l-1 NH3 during one week and the impact on growth and 
N compounds was determined. Exposure to NH3 increased shoot biomass production at 2 
and 4 µl l-1, but resulted in an inhibition of shoot and root growth at 6 and 8 µl l-1. Shoot 
total N content was increased at all levels, mainly due to the increase in free amino acids. 
Even at atmospheric NH3 levels, at which the foliarly absorbed NH3 would cover a 
proportion of the N requirement there was already an increase in the nitrogen content of 
the shoots and roots. Apparently, there was no direct regulatory control of and/or 
interaction between atmospheric and pedospheric nitrogen utilization in B. oleracea. 
Chapter 6 was aimed to establish to what extent NH3 can contribute to the N budget of 
the plant or can be regarded as a toxin. B. oleracea was exposed to 0, 4 and 8 µl l-1 NH3, 
with and without nitrate in the nutrient solution. Growth, N compounds, nitrate uptake 
rate, soluble sugars and cations were measured. In nitrate-sufficient plant biomass 
production was not affected at 4 µl l-1 NH3, but reduced at 8 µl l-1 NH3. The measured 
nitrate uptake rates agreed well with the plant’s N requirement for growth. In nitrate-
deprived plants, shoot biomass was increased at both concentrations, but root biomass 
decreased at 8 µl l-1 NH3. The data presented do not support the hypothesis that NH3 
toxicity is caused by a shortage of sugars or a lack of capacity to detoxify NH3. 
 In Chapter 7, seedlings of B. oleracea were exposed to 4 µl l-1 NH3, in the absence 
and presence of nitrate and sulfate in the nutrient solution. Growth, morphological 
parameters of the root system and nitrate uptake were measured. In the absence of an 
atmospheric N source, nitrate as well as sulfate deprivation led to an increase in total root 
length but did not affect root surface area, volume or average diameter. NH3 exposure in 
combination with sulfate deprivation resulted in a less branched and thinner root system. 
NH3 exposure, which affects the internal N status of the plant, counterbalanced the effect 
of nitrate deprivation, which led to the conclusion that the N status of the plant might be 
important in controlling root length of B. oleracea. Nitrate uptake was expressed on a 
weight basis and a root length basis. The results show that nitrate uptake is rather 
independent of the unit of expression. 
 In Chapter 8, B. oleracea was exposed to 4 µl l-1 NH3 and 0.15 µl l-1 H2S 
simultaneously, in the presence and absence of nitrate and sulfate in the nutrient solution, 
for one week, and growth and biochemical parameters were assessed. Unexposed plants, 
which were deprived of nitrate or sulfate for a week, became N deficient, but not yet S 
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deficient. In the absence of nitrate and sulfate, combined NH3+H2S exposure was 
beneficial for B. oleracea, since the atmospheric N and S sources were used for growth. 
However, exposure to both atmospheric nutrient sources did not change biomass 
allocation in favor of the root in the nitrate- and sulfate-deprived plants. Biochemical 
analysis revealed that nitrogen nutrition, either by nitrate supply to the root or NH3 
exposure to the shoot, mainly affected total N and free amino acid content, whereas 
sulfate supply to the roots and H2S exposure mainly affected total S and thiol content. 
The lack of correlation between changes in thiol and OAS pools, under different 
atmospheric conditions, suggests that their role in the coordination between the nitrate 
and sulfate metabolic pathways is limited.  
 In Chapter 9, nutrient requirement for growth and the effects of sulfate deprivation in B 
oleracea were aspects selected for discussion. In addition, the dual role of atmospheric 






Een goed geregelde opname van voedingsstoffen is van essentieel belang voor elk 
organisme. Aan hun standplaats gebonden organismen zoals planten hebben 
verschillende strategieën ontwikkeld om het hoofd te kunnen bieden aan veranderingen 
in hun milieu. Daarom is de opname van stikstof en zwavel door de plant goed 
gereguleerd en aangepast aan de behoefte voor de groei. Nitraat en ammonium zijn de 
belangrijkste verbindingen die plantenwortels als stikstofbron kunnen opnemen, terwijl 
sulfaat de belangrijkste zwavelbron is. Voor de opname en transport van nitraat en 
sulfaat zijn specifieke transportereiwitten nodig. De assimilatie van nitraat en sulfaat 
vertonen verscheidene overeenkomsten en zijn sterk aan elkaar gekoppeld. Nitraat en 
sulfaat worden beide gereduceerd alvorens ze worden ingebouwd in aminozuren en de 
synthese van het zwavelhoudende aminozuur cysteine is één van de primaire 
koppelingsreacties tussen stikstof- en zwavelassimilatie. Tevens kunnen NH3 en H2S uit 
de atmosfeer als gereduceerde stikstof- en zwavelbron worden gebruikt. Het doel van dit 
proefschrift was om meer inzicht te krijgen in de interactie tussen de opname en 
verwerking van NH3 door de spruit en nitraat door de wortel. Daarnaast werd de 
interactie tussen de assimilatie van stikstof en zwavel op het niveau van de hele plant 
bestudeerd (Hoofdstuk 1). 
In Hoofdstuk 2 wordt een beschrijving van het materiaal en de methodes gegeven die 
in dit proefschrift werden gebruikt. 
 In de Hoofdstukken 3 en 4 worden vergelijkende experimenten met verschillende 
cultivars van Brassica oleracea L. beschreven, die waren opgezet om eventuele 
verschillen in stikstof- en zwavelbehoefte tussen cultivars aan te tonen, en om na te gaan 
hoe groot de bijdrage van glucosinolaten aan het totale zwavelgehalte is. In Hoofdstuk 3 
werden slechts geringe verschillen in groei en biochemische samenstelling tussen de 
cultivars gevonden, terwijl in alle cultivars sulfaat het belangrijkste bestanddeel (70 - 88 
%) van het totale zwavelgehalte was. Geconcludeerd werd dat het organische 
zwavelgehalte een betere parameter is om de zwavelbehoefte voor groei van de plant te 
berekenen dan het totale zwavelgehalte.  
De resultaten in Hoofdstuk 4 toonden aan dat in alle cultivars het totale gehalte aan 
glucosinolaten in de wortel het hoogst was. Het glucosinolaatgehalte uitgedrukt als % 
van het totale zwavelgehalte was slechts 1 - 2 %, maar uitgedrukt als % van het 
organische zwavelgehalte was het 10 - 23 %. Omdat de verschillen in groei en 
biochemische parameters tussen de in de Hoofdstukken 3 en 4 onderzochte cultivars 
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gering waren, werden verdere experimenten uitgevoerd met één cultivar, Brassica 
oleracea L. (boerenkool). Deze cultivar heeft een relatief laag stikstofgehalte en een 
relatief hoog zwavelgehalte. 
 In de Hoofdstukken 5 en 6 werd de interactie tussen de opname van atmosferisch NH3 
door de spruit en de opname van nitraat door te wortel onderzocht. In Hoofdstuk 5 werd 
B. oleracea blootgesteld aan 0, 2, 4, 6 en 8 µl l-1 NH3 gedurende één week, en het effect 
op de groei en stikstofverbindingen werd bepaald. De blootstelling aan NH3 verhoogde 
de spruitgroei bij een concentratie van 2 en 4 µl l-1, maar resulteerde in een remming van 
de spruit- en wortelgroei bij 6 en 8 µl l-1. Het stikstofgehalte van de spruit werd bij alle 
NH3 concentraties verhoogd, voornamelijk door de toename in het gehalte aan vrije 
aminozuren. Zelfs bij de laagste NH3 concentratie, die slechts in beperkte mate zou 
kunnen bijdragen aan de stikstofvoorziening van de plant, werd reeds een toename in het 
stikstofgehalte in spruit en wortel gevonden. Blijkbaar vindt er in B. oleracea geen 
directe regulatie en/of interactie tussen stikstofopname door de spruit en door de wortel 
plaats. In Hoofdstuk 6 werd verder onderzocht in welke mate NH3 kan bijdragen aan de 
stikstofbehoefte van de plant, of beschouwd moet worden als toxische verbinding. B. 
oleracea werd blootgesteld aan 0, 4 en 8 µl l-1 NH3, in aanwezigheid en afwezigheid van 
nitraat in de voedingsoplossing, en de groei, het gehalte van diverse 
stikstofverbindingen, oplosbare suikers en kationen, en de opname van nitraat werden 
bepaald. In de aanwezigheid van nitraat werd de groei van de plant niet beïnvloed door 
blootstelling aan 4 µl l-1 NH3, maar deze was gereduceerd bij 8 µl l-1 NH3. De gemeten 
snelheid van nitraatopname door de wortel kwam goed overeen met de stikstofbehoefte 
voor de groei van de plant. In afwezigheid van nitraat werd de spruitgroei verhoogd bij 
blootstelling aan 4 en 8 µl  l-1 NH3, maar de wortelgroei was gereduceerd bij 8 µl l-1. De 
verkregen resultaten ondersteunen niet de algemene hypothese dat NH3 toxiciteit wordt 
veroorzaakt door een tekort aan suikers en/of een gebrek aan capaciteit om NH3 te 
assimileren. 
 In Hoofdstuk 7 werd B. oleracea blootgesteld aan 4 µl l-1 NH3, in aanwezigheid en 
afwezigheid van nitraat en sulfaat in de voedingsoplossing, en werden groei, 
morfologische parameters van het wortelsysteem en de nitraatopname bepaald. In 
afwezigheid van NH3 als atmosferische stikstofbron, en het ontbreken van nitraat en 
sulfaat in de voedingsoplossing, werd een toename in totale wortellengte gemeten. Er 
waren geen verschillen in het worteloppervlak, het wortelvolume en de gemiddelde 
diameter van de wortel. Blootstelling aan NH3 in afwezigheid van sulfaat in het 
wortelmilieu resulteerde in minder vertakte en dunnere wortels. Blootstelling aan NH3, 
dat als stikstofbron voor de groei kan worden gebruikt, compenseerde het effect van het 
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ontbreken van nitraat. Dit leidde tot de conclusie dat de stikstofstatus van de plant 
belangrijk zou kunnen zijn voor de regulatie van de wortellengte in B. oleracea. De 
nitraatopname werd zowel uitgedrukt op basis van gewicht als wortellengte. De 
resultaten tonen aan dat nitraatopnamegegevens onafhankelijk zijn van de 
betrekkingsgrootheid. 
 In Hoofdstuk 8 werd B. oleracea gedurende een week blootgesteld aan een combinatie 
van 4 µl l-1 NH3 en 0.15 µl H2S, in aanwezigheid en afwezigheid van nitraat en sulfaat in 
de voedingslossing, en werden groei en biochemische parameters bepaald. Planten die 
niet werden blootgesteld aan NH3, en gedurende een week geen nitraat of sulfaat kregen, 
werden stikstofdeficiënt, maar nog niet zwaveldeficiënt. In afwezigheid van nitraat en 
sulfaat was gecombineerde blootstelling aan NH3 en H2S voordelig voor B. oleracea, 
omdat de atmosferische stikstof- en zwavelbronnen gebruikt konden worden voor groei. 
Nochtans resulteerde de blootstelling aan beide atmosferische voedingsstoffen niet in een 
verschuiving van biomassa ten gunste van de wortel in de planten die geen nitraat en 
sulfaat kregen. De biochemische analyse toonde aan dat nitraattoediening en 
blootstelling aan NH3 hoofdzakelijk het gehalte aan totaal stikstof en vrije aminozuur 
beïnvloedden, terwijl sulfaattoediening aan de wortels en blootstelling aan H2S 
hoofdzakelijk het gehalte aan totaal zwavel en thiolen beïnvloedden. Het gebrek aan 
correlatie tussen veranderingen in gehalte aan thiolen en O-acetylserine onder de 
verschillende atmosferische omstandigheden, duidt erop dat hun rol in de coördinatie 
tussen de verwerkingsprocessen van nitraat en sulfaat beperkt is. 
In Hoofdstuk 9 werden twee aspecten voor discussie geselecteerd, de behoefte aan 









Em qualquer ser vivo, é necessário que o processo de absorção de nutrientes esteja 
perfeitamente ajustado às necessidades de cada organismo. As plantas, sendo organismos 
sésseis, desenvolveram diferentes sistemas de adaptação às alterações do ambiente em 
que se inserem pelo que, o processo de absorção de azoto e enxofre, são regulados de 
forma coordenada e ajustados às necessidades do seu crescimento e desenvolvimento. As 
plantas utilizam nitrato e amónio como principais formas de azoto, enquanto que sulfato 
é a principal forma de enxofre. Nos processos de absorção de nitrato e sulfato intervêm 
grupos específicos de proteínas transportadoras de nitrato e sulfato, partilhando 
semelhanças nas respectivas vias de assimilação. Em ambos os casos, quer nitrato quer 
sulfato, têm de ser reduzidos antes de serem assimilados em aminoácidos. O nitrato, 
depois de reduzido é assimilado, via ciclo de GS-GOGAT enquanto que a cisteína é o 
primeiro aminoácido que contêm enxofre na forma reduzida. Desta forma, a síntese de 
cisteína representa uma das principais reacções conjuntas entre o metabolismo de azoto e 
enxofre. Amónia (NH3) e sulfido de hidrogénio (H2S) atmosféricos podem ser usados 
como formas reduzidas de azoto e enxofre.  
 Os principais objectivos desta tese assentam no estudo da possível interacção entre dois 
tipos de nutrição azotada, amónio atmosférico e nitrato do solo e do estudo da interacção 
entre a assimilação de azoto e enxofre, no crescimento e desenvolvimento das plantas 
(Capítulo 1).  
 No Capítulo 2, descrevem-se os materiais e métodos. 
 Nos Capítulos 3 e 4, tratam-se os estudos comparativos efectuados entre as diferentes 
cultivares de Brassica oleracea L. com o objectivo de determinar as cultivares com 
diferenças significativas nas necessidade em azoto e enxofre. Paralelamente determinou-
se o teor em glucosinolatos e a sua contribuição para o teor em enxofre total. Os 
resultados revelaram existir pequenas diferenças no crescimento e composição 
bioquímica das diferentes cultivares contudo, em todas as cultivares, o teor em enxofre 
total é constituído em cerca de 70 a 80 % por sulfato. Neste contexto, foi sugerido o uso 
do teor em enxofre orgânico, em detrimento do teor em enxofre total, como sendo o 
parâmetro mais adequado para o cálculo de enxofre necessário para crescimento. Os 
resultados apresentados no Capítulo 4 demonstraram que, em todas as cultivares, o teor 
total em glucosinolatos é mais elevado nas raízes. Para além disso, a fracção de 
glucosinolatos expressa em termos de enxofre total é muito mais baixa (1-2 %) quando 
comparada com a fracção de glucosinolatos expressa em termos de enxofre orgânico (10-
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23 %). Desta forma, para avaliar a fracção de glucosinolatos, parece ser preferível 
expressar o seu teor em termos de enxofre orgânico do que em teor total de enxofre. Em 
face das reduzidas diferenças no crescimento e composição bioquímica, interromperam-
se os estudos comparativos entre as diferentes cultivares de B. oleracea. As experiências 
seguintes foram conduzidas apenas com uma cultivar B. oleracea, a cultivar com o 
menor teor em azoto e com o teor mais elevado em enxofre. 
 Nos Capítulos 5 e 6, descreve-se a utilização do NH3 atmosférico como forma de 
avaliar a interacção entre a absorção foliar de azoto e absorção de nitrato pelas raízes. No 
Capítulo 5, estudou-se o comportamento da cultivar de B. oleracea quando exposta a 
concentrações de 0, 2, 4, 6 e 8 µl l-1 de NH3, durante uma semana, determinando o 
impacto dos compostos de azoto no seu crescimento. A exposição a NH3 atmosférico 
levou a um aumento na produção de biomassa aérea a concentrações de 2 e 4 µl l-1 de 
NH3, tendo no entanto, resultado na inibição do crescimento da parte aérea e das raízes a 
concentrações de 6 e 8 µl l-1 de NH3. O teor em azoto total na parte aérea da planta 
registou um aumento em todas as concentrações de NH3 atmosférico, facto que ficou a 
dever-se principalmente ao aumento no teor de aminoácidos livres e amidas. Mesmo a 
concentrações de NH3 atmosférico, em que a absorção foliar de NH3 seria suficiente para 
cobrir a proporção de azoto necessário para o crescimento, observou-se um aumento no 
conteúdo de azoto na parte aérea e nas raízes. Com efeito, em B. oleracea, parece não 
existir uma regulação directa no controlo de/ou na interacção entre a utilização de azoto 
fornecido em diferentes formas, amónia atmosférico e nitrato distribuído no solo. O 
Capítulo 6 teve com principal objectivo estabelecer a extensão para qual o NH3 pode 
contribuir para o N “budget” da planta ou pode ser encarado com tóxico. Nesse sentido, a 
cultivar de B. oleracea foi exposta a concentrações de 0, 4 e 8 µl l-1 de NH3, na presença 
e ausência de nitrato na solução nutritiva tendo-se determinado o crescimento das 
plantas, os compostos azotados, a taxa de absorção de nitrato, o teor em açúcares 
solúveis e o teor em catiões. Em plantas com suficiente nitrato disponível na solução 
nutritiva, a produção de biomassa permaneceu inalterada a concentrações de 4 µl l-1 de 
NH3, mas foi reduzida a concentrações de 8 µl l-1 de NH3. Quando se quantificou a taxa 
de absorção de nitrato verificou-se que se encontrava em concordância com a 
necessidade de azoto para crescimento, calculada ao nível da planta. Em plantas, cujo 
nitrato não estava disponível na solução nutritiva, a produção de biomassa da parte área 
aumentou em ambas as concentrações de NH3 usadas, mas a 8 µl l-1 de NH3, foi 
observado um decréscimo na produção de biomassa nas raízes. Os resultados aqui 
apresentados não apoiam a hipótese que a toxicidade por exposição a NH3 seja devido à 
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diminuição no teor de açúcares solúveis ou ao decréscimo na capacidade de 
desintoxicação de NH3 da planta. 
 No Capítulo 7, a cultivar de B. oleracea foi exposta a 4 µl l-1 de NH3, na ausência e 
presença de nitrato e sulfato na solução nutritiva, avaliando o seu efeito no crescimento e 
desenvolvimento da planta, parâmetros morfológicos do sistema radicular e taxa de 
absorção de nitrato. A ausência de uma fonte de N atmosférico e de nitrato e sulfato na 
solução nutritiva levaram a um aumento no comprimento total do sistema radicular. No 
entanto, a superfície, o volume e o diâmetro médio do sistema radicular permaneceram 
inalterados. A exposição a NH3, em conjunto com privação de sulfato, resultou num 
sistema radicular mais ramificado e de raízes mais finas. Por outro lado, a exposição a 
NH3, que afecta a composição interna em N da planta, contrabalançou o efeito da 
ausência de nitrato. Este facto permitiu concluir que a composição interna de N da planta 
poderá ser importante para o controlo do comprimento do sistema radicular em B. 
oleracea. Os resultados apresentados demonstram que a taxa de absorção de nitrato é 
independente da unidade na qual se expressa, quer seja em unidades de peso ou 
comprimento do sistema radicular. 
 No Capítulo 8, avalia-se a exposição de plantas da cultivar de B. oleracea a 
concentrações de 4 µl l-1 NH3 e de 0.15 µl l-1 H2S simultaneamente, na presença e na 
ausência de nitrato e sulfato na solução nutritiva, durante uma semana, quantificando o 
crescimento e desenvolvimento bem como a sua composição. As plantas que não foram 
expostas a qualquer daqueles gases, mas privadas de nitrato e sulfato apresentaram 
deficiências em azoto mas não em enxofre. A exposição conjunta a NH3 e H2S, 
demonstrou ser benéfica para esta cultivar de B. oleracea, dado que estas formas 
atmosféricas de N e S foram utilizadas para crescimento, na ausência de nitrato e sulfato 
na solução nutritiva. No entanto, a exposição a ambas formas atmosféricas de N e S não 
afectaram a distribuição de biomassa a favor do sistema radicular, no caso de plantas 
privadas de nitrato e sulfato. Análises bioquímicas revelaram que a nutrição azotada, 
quer por nitrato distribuído ao sistema radicular quer por exposição a NH3 na parte aérea, 
afectaram principalmente o conteúdo total em N e em aminoácidos livres, enquanto que a 
distribuição conjunta de sulfato ao sistema radicular e exposição a H2S, afectaram 
principalmente o teor em enxofre total e tiois. A inexistência de uma correlação entre as 
alterações no conteúdo em tiois 
OAS, nas diferentes condições estudadas, sugere um papel limitado na coordenação entre 
as vias assimilatórias de nitrato e sulfato. 
 No Capítulo 9, são apresentados dois temas para discussão: a necessidade de um 
nutriente para crescimento, designadamente a necessidade em enxofre em relação aos 
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efeitos da privação de sulfato em B. oleracea e o papel paradoxal de NH3 atmosférico, 
quer como nutriente quer como elemento tóxico. 
